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Tuning doping and surface functionalization of columnar oxide films for volatile
organic compounds sensing: Experiments and theory

Vasile Postica,? Alexander Vahl,” Julian Strobel,¢ David Santos-Carballal, ! Oleg Lupan,*®" Abdelaziz Cadi-Essadek,® Nora H. de
Leeuw,®"* Fabian Schiitt,® Oleksandr Polonskyi,® Thomas Strunskus,® Martina Baum,® Lorenz Kienle,> Rainer Adelung,®" Franz
Faupel®*

In this work, a new strategy based on the surface functionalization and doping of semiconducting oxides was proposed for tuning device properties. A
considerable increase in the gas sensing ability of Fe-doped ZnO (ZnO:Fe) columnar films grown by chemical deposition is achieved via surface decoration
with oxidized silver nanoparticles (AgO/Ag NPs) with a diameter of ~7-10 nm. AgO/Ag-decorated ZnO:Fe (Ag/ZnO:Fe) samples showed an optimal operating
temperature of 300 °C with fast recovery of the signal (~ 7 s) and ultra-high sensitivity to ethanol vapor versus CHs4 and H: gases. The results presented
demonstrate the potential for a significant increase in sensitivity to ethanol vapors by surface decoration with AgO/Ag NPs (density of ~ 0.8 x 10° cm) while
maintaining extremely high selectivity. Quantum mechanical simulations show that the transition metal oxide clusters modify the surface chemistry of the
doped zinc oxide ZnO (1010) surface to improve ethanol sensing. Using thermodynamic arguments, we have investigated the substitutional Fe doping of
the symmetrically different Zn ions exposed at the surface. The most energetically favorable doped surface was decorated with (AgO)» nanoparticles of
different sizes which were sited at different relative positions to the Fe atom. The simulated work function explains the reactivity trends of the surface
models, while the scanning tunneling microscopy images are in agreement with experimental data when the (AgO)m cluster is placed over the dopant. The
interface formed between the substrate and the nanoparticle is essential to enable the ethanol conversion into ethanal, suggesting that dehydrogenation

plays a key role in the alcohol detection.

Introduction

Reliable detection of ethanol has become an important task
for indoor and outdoor safety, as well as environmental and
personal monitoring.1"¢ To that end, ethanol sensors are widely
used in industry for the detection of vapors in vinification,
medical processes, the food and chemical industries, and in
non-invasive breathalyzers for detection of alcohol levels in
motorists’ breaths, e.g. modern cars with ‘alcolocks’ which
shut down if over legal limit is detected in the driver breath.”. 8
Semiconducting oxide micro- and nanostructures are widely
used for detecting volatile organic compound (VOC) vapors
such as ethanol vapors in small concentrations,’ ¢ due to their
high sensitivity, low fabrication cost and low power
consumption.® 1013 However, the limited selectivity of pristine
materials such as SnO, and ZnO% 11 1416 has |ed to the
development of different modifications for improving their
selectivity to specific VOCs within mixtures.6: 9, 17-20

In the case of ZnO, doping with transition metals or the
addition of other basic metal oxides (with lower
electronegativity) is known to be efficient methods that
increase the ethanol response.* 2127 According to Jinkawa et
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al.,?%2 the addition of basic metal oxides can efficiently increase
the ethanol response due to decomposition reaction of
ethanol molecules via dehydrogenation (Eq. 1), instead of the
dehydration (Eq. 2) promoted by acidic oxides: 22

C,H.OH(g) — CH,CHO(g)+ H,(g) (basic oxide) @)
C,H,0H(g)— C,H,(g)+H,0(g) (acidic oxide) )

Therefore, the decomposition of ethanol molecules into
CH3;CHO + H, after oxidation with adsorbed oxygen species
on the surface of the metal oxide induces a larger change in
carrier concentration, i.e. higher gas response.?1, 22

In our previous work, Fe-doping of ZnO nanostructured films
resulted in a considerable increase in ethanol sensing
properties (by a factor of two), as well as fast response and
recovery times (1 — 2 s). In the current work, the AgO/Ag
decorated ZnO:Fe nanostructured films led to a change in
resistivity by a factor of 63 after introduction of 20 ppm of
ethanol vapors in the test chamber. However, modern gas
sensing systems for the detection of ethanol, especially in
human breath, require highly sensitive ethanol sensors (ppm
level).30 Thus, in this work, in order to improve the sensitivity
to ethanol vapors of earlier elaborated ZnO:Fe nanostructured
films, we have applied decoration with Ag NPs with a diameter
of < 10 nm, which did not result in any loss in selectivity. The
choice of Ag NPs was motivated by their excellent catalytic
properties.l: 10, 17, 28 31 Fyrthermore, we also present a
computational description by means of density functional
theory (DFT) calculations of the Fe-doped zinc oxide ZnO
(1010) surface decorated with AgO nanoparticles as a highly
selective sensor for ethanol vapours. We propose models that
account for the modified ZnO (1010) surface, which are fully
characterized using scanning tunneling microscopy images and
work function values. We have also examined the adsorption
energies of ethanol, ethanal, methane and molecular
hydrogen and the electron charge density redistribution upon
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interaction with the modified ZnO (1010) surface, to
rationalize its selectivity towards the alcohol.

Experimental

ZnO:Fe columnar films were deposited on glass substrates
according to the procedure reported in previous works,4 34 35
where the morphological, structural, micro-Raman, chemical
and electrical properties were investigated in detail. In this
study, we used the samples with 0.24 at% Fe content and
thickness of ~ 1.5 um to functionalize their surface with Ag
nanoclusters. In addition to decorating ZnO:Fe with Ag NPs,
the nanoparticles were also deposited onto silicon wafer
pieces (1 x 1 cm?, SIMat) for XPS measurements and on carbon
film copper TEM grids (Plano, S160-4) for TEM investigations.
For the synthesis of Ag nanoparticles an in-house Haberland
type Gas Aggregation Source (GAS)36 attached to a custom-
made vacuum deposition chamber primarily built from
commercially available components was used.373° This
physical vapor deposition method generates nanoparticles
from individual metal atoms, which are brought into the gas
phase by sputtering. Firstly, metallic nuclei are formed in a
three-body collision process, where the third collision partner
is a gas atom that takes away the excess energy to prevent the
nucleus from disintegrating. The stable nuclei undergo
subsequent collisions with further metal atoms or other nuclei,
favoring growth of coalescence, respectively. The pressure
difference between the GAS and the high vacuum chamber is
responsible for driving the nanoparticle beam towards the
substrate. A full coverage of the basic principles for the growth
mechanism of nanoparticles be found
elsewhere.*0

An Ag target (Kurt J. Lesker, 99.99 %, 50 mm diameter) was
attached to a DC planar magnetron source (Thin Film
Consulting, ION’X-2UHV) inside the GAS. The samples are
mounted at a distance of 90 mm from the exit orifice
(diameter 2 mm) of the GAS, the sample surface was
perpendicular to the nanoparticle beam.

The deposition chamber was evacuated to at least 104 Pa
using a turbo molecular pump (Pfeiffer Vacuum, TMU 262) and
a dry scroll pump (Agilent Technologies, SH-110). For
sputtering, a flow (48 SCCM) of Ar (purity 99.999%) was
supplied at the gas inlet of the GAS (gas regulating valve:
Pfeiffer, EVR116 with attached hot ion cathode IMR 285).
During each deposition the pressure inside the GAS was
typically 136 Pa. The nanoparticles were generated from silver
atoms sputtered by DC unipolar magnetron sputtering with a
DC power of 40 W (Advanced Energy, MDX 500). Prior to every
deposition process, the target was cleaned and nanoparticle
growth was conditioned for a sufficient time (at least 30 s) to
reach stable deposition conditions. More details on the
deposition of Ag nanoparticles from a GAS are reported in Ref.
43, After deposition samples were subjected to thermal
annealing in air at 350 °C for 1 h. More details of the influence
of deposition on the mechanism of Ag NPs growth were
presented in previous works.37-39

The morphological, structural, optical, and gas
sensing properties of oxide columnar films, including ZnO:Fe

using GAS can

chemical

were investigated as described in previous works.14 33, 44
Micro-Raman spectra were recorded with a Raman WITec
Alpha300 RA spectrometer (532 nm line from a Nd-YAG laser
was used for excitation). Transmission electron microscopy
(TEM) analysis was conducted in a FEI Tecnai F30 STwin
microscope (300 kV, field emission gun (FEG) cathode,
spherical aberration coefficient Cs = 1.2 mm). Particle size
distribution and density were determined in TEM bright field
mode and high-angle annular dark field (HAADF) scanning TEM
(STEM) mode.

The chemical composition of the deposited nanoparticles was
investigated by X-ray photoelectron spectroscopy (XPS,
Omicron Nano-Technology GmbH), operating with an Al-anode
at a power of 240 W. The recorded spectra were charge
referenced by using aliphatic carbon C-1s at 285.0 eV using the
software CasaXPS (version 2.3.16). The sensor structures for
investigation of gas sensing properties were fabricated using
the method described in previous work.* The gas sensing
measurements were performed at different operating
temperatures, as was described in previous works.** 45
Ambient air with a relative humidity of 30 — 40% was used as
the carrier gas forthe analyte vapors.

The details of the computational methods used, including
calculation details, surface models, calculation of surface
energy and adsorption energy, simulation of the scanning
tunneling (STM) images and work function are presented in
Supporting Information.

Results and discussion
Morphological and micro-Raman properties

Figure 1 shows the SEM images of AgO/Ag-decorated
nanostructured ZnO:Fe films. The morphological properties of
pristine ZnO:Fe samples, with the same Fe content of 0.24 at%,
were provided in a previous publication.!* After decoration
with AgO/Ag NPs the morphology of the nanostructured
ZnO:Fe films was not modified. The diameter of AgO/Ag-
decorated ZnO:Fe grains is in the range of 100 to 400 nm. The
grains are densely packed on the glass substrate (see Figure
1a,b). As can be observed from Figure 1c, AgO/Ag NPs are well
dispersed on the surface of ZnO:Fe grains and their density
reaches a value of ~ 0.8 x 10° cm2. The illustration of the gas
ZnO:Fe and Ag/ZnO:Fe
nanostructured films is presented in Figure 1d, while the
overall sensor structure is presented in Figure 1e. More details
on the synthesis and Ag NP deposition can be found in the
Experimental part.

A typical room-temperature Raman spectrum of the as-
prepared AgO/Ag-functionalized ZnO:Fe nanostructured films
is presented in Figure 2a, with the spectrum assignable to
typical wurtzite ZnO. The peaks at 100, 204, 330, 408, 547 and
583 cm can be assigned to Ex(low), 2E;(low), Ez(high) -
E>(low), E1(TO), Ex(high), A1(LO), and E;(LO) phonon modes.4¢
Additional peaks were observed at 217, 301 and 379 cm’,
which can be assigned to AgO phonon modes.4” From group
analysis, the optical modes at the I' point belong to the
following irreducible representation:4’

sensor fabrication based on



I'=8A,(IR)+7B,(IR)+3A,(R)+3B,(R) €)

where /IR and R indicate the infrared and Raman active modes,
respectively. The peak at 429 cm-1, which is attributed to AgO
and usually has a higher intensity, can be superimposed on
E1(TO) and E;(high) phonon modes of ZnO%7 48 is therefore
difficult to detect here.

Chemical properties

An AgO/Ag-functionalized ZnO:Fe sample and a reference
sample of AgO/Ag NPs (on a silicon wafer piece) were
measured by XPS for comparison. In Figure 2b the overview
spectra of the nanocomposite (black line) and the AgO/Ag NPs
reference (red line) are shown. The overview spectra were
analyzed for elemental composition and the respective
characteristic peaks were marked in the spectra. For the
AgO/Ag-functionalized ZnO:Fe nanostructured films, the
elements Zn, O, C, Ag and Au were detected, where the
occurrence of Au is attributed to the top contacts on the
sample surface. The presence of C originates from atmospheric
surface contamination, e.g. hydrocarbons.*® 49 The ZnO:Fe
base layer has been extensively studied in our earlier work,
showing the presence of Fe in the XPS spectrum of the pure
ZnO:Fe layer!* as shown in the Supporting Information (see
Figure S1). However, in the case of the AgO/Ag-functionalized
ZnO:Fe nanostructured films we do not observe any
characteristic peaks for Fe, which may be attributed to the
coverage of the ZnO:Fe base layer by AgO/Ag NPs and
consequently a weakening of the Fe signal below the limit of
XPS detection. Moreover, in the present work no surface pre-
cleaning was performed prior to the XPS analysis, in contrast
to the previous work.!* 44 45 50 The XPS investigation of a
highly doped ZnO:Fe thin film, proving the successful
incorporation of iron as a doping element, can be found in the
supporting material (see Figure S1).

In the Ag NPs reference (see Figure 2b, red line), the elements
Ag, O, C and Si were detected, where again the occurrence of C
is due to surface contamination. The native oxide layer of the
Si wafer substrate resulted in the presence of Si and O peaks.
The comparison of Ag-3d peaks (Figure 2c) in both samples
shows a shift of the Ag peak to lower binding energies in case
of the AgO/Ag-functionalized ZnO:Fe nanostructured films (by
roughly 0.3 eV). Typically, a binding energy of around 368.2 eV
is attributed to metallic Ag, whereas its oxides are shifted to
lower binding energies of about 367.9 eV (Ag20) and 367.6 eV
(AgO) respectively.5! The observed shift in the nanocomposite
may be attributed to (surface) oxidation of the nanoparticles.
For reference, the C-1s lines at 285.0 eV are compared in
Figure 2d.

Structural properties

The XRD patterns of ZnO:Fe nanostructured films were
discussed in our previous work.’* The formation of the
secondary phases of Fe, its oxides (FeO, Fe,03; or Fe304) or
impurities were not observed, indicating that only the
hexagonal crystalline phase of ZnO is present.1* Ag NPs were

analysed by TEM not only after deposition onto ZnO:Fe (see
Figure 3 top row) but also onto empty carbon films (see Figure
3 bottom row) to serve as a reference to determine size
distribution. The selected area electron diffraction (SAED)
pattern of AgO/Ag NPs on ZnO:Fe, Figure 3a, shows reflections
for the AgO planes (-111), (-202) and (020) at experimentally
determined lattice spacings of 2.76 A, 2.21 A and 1.72 A
respectively, which are characteristic for AgO and do not
match any of the other phases, thereby emphasizing the slight
oxidation of the NPs. Figure 3¢ shows the uniform distribution
of AgO/Ag particles on ZnO; it should be noted that they are
only visible near the fringes of the ZnO microcrystals due to
considerable thickness of the latter. For the same reason no
high spectroscopy could be
conducted. For comparison purposes, Ag particles have also
been deposited onto blank carbon film TEM grids. The bottom
row of Figure 3 shows that only reflections for pure Ag are
found (Figure 3d) which exhibit a bimodal size distribution with
maxima at around 2.0 £0.7 nm and 7.6 £2.8 nm. All examined
particles are completely crystalline, and an example showing
the characteristic fivefold twin is displayed in Figure 3f.52 It is
noteworthy, that the particles deposited onto carbon films
show no oxidation but instead suffer a pronounced sulfidation
after storing them for intermediate time periods, as is
expected for Ag nanostructures.>® The oxidation of Ag NPs
deposited onto ZnO:Fe columnar crystals is thus attributed to a
combination of ballistic effects and the increased temperature
of Ag during the deposition process, thereby locally reducing
the ZnO and simultaneously oxidizing the silver. Note, that the
reduction of ZnO is not detectable directly from the Zn-2p XPS
lines because it causes only a negligible shift of the binding
energy.>* Although AgO decomposes in ambient atmosphere
above 150 °C to Ag,0,55 it has been shown that an AgO/Ag,0
mixture forms during annealing at 400 °C in a 10% O
atmosphere.>® We therefore deem this scenario more likely
than oxidation in ambient atmosphere, as the latter has not
been observed previously.

resolution and energy-loss

Gas sensing investigations

Figure 4a shows the gas response to 20 ppm of ethanol, 1000 ppm
of hydrogen (H;) and 1000 ppm methane (CH4) gases versus
operating temperature for the AgO/Ag-decorated ZnO:Fe columnar
film. The operating temperature was set in the range of 150 — 350
°C. The gas response (S) was defined as the ratio of the current
under exposure to gas (/ges) and in air (). Error bars represent the
standard deviation for the response of each sensor structure after
several measurements. At room temperature and near room
temperature no response to ethanol vapors and other gases was
observed. The content of Fe in the studied samples is 0.24 at%, as in
the previous study.!* For ethanol vapors the optimal operating
temperature is 300 °C with a response of S = 63. The optimal
operating temperature is comparable with those of pristine ZnO:Fe
columnar films (see Figure 4b), but as can be observed from Figure
4b, the response of the Ag-decorated sample to 20 ppm of ethanol
is higher compared to the pristine ZnO:Fe film. For example, at 300
°C the response of Ag/ZnO:Fe is S = 63 compared to S = 15 of the
non-decorated (pristine) ZnO:Fe. This corresponds to enhancement
by a factor of 4 after functionalization of ZnO:Fe surface with



AgO/Ag nanoclusters. The dynamic response of nanostructured
Ag/Zn0O:Fe films to different concentrations of ethanol vapors is
presented in Figure 4c, showing a reversible response with a stable
electrical baseline. After introduction and extraction of 500 ppm of
ethanol, we also introduced twice a concentration of 150 ppm of
ethanol to check the repeatability of the response, showing a
deviation lower than 5%. The gas response versus concentration of
ethanol vapors in a log. versus log. plot is presented in Figure 4d.
For concentrations of 20, 50, 100, 150, 250 and 500 ppm the
response (S) is roughly 63, 86, 104, 120, 147 and 175, respectively.
As can be observed, the response (S) follows a power law
relationship with ethanol concentration (S oc pgtOH ), where B =
0.45 is the slope of the log. versus log. plot. Using the method
described by Dua et al., i.e. using the signal/noise ratio (SNR),5 we
calculated a theoretical detection limit of ~ 0.35 ppm. In the case of
the response to 100 ppm of H; the SNR is ~ 312, while for 20 ppm is
~ 62, which is much higher than the minimum value of 3 defined by
IUPAC.5” The gas response to 20 ppm of ethanol vapors was also
measured at higher concentration of water vapors (~ 80%), showing
a decrease of the response to ~ 35 (decrease by factor of 1.8, not
shown). This effect can be explained based on poisoning by
hydroxyl-groups, which has already been discussed in previous
WOrkS.lZ' 50, 58

The response and recovery times were defined as the time
necessary to obtain or recover 90% of the full response.>® The
estimated values for response and recovery times are presented in
Figure 4e. In both cases, the values are improved by raising the
operating temperature from 150 to 350 °C. The response time
decreases from ~ 141 s at 150 °C to ~ 22 s and ~ 13 s at 300 and 350
°C, respectively, while the recovery times decrease from ~ 61 s at
150 °Cto~ 7.2 sand ~ 3 s at 300 and 350 °C, respectively.

From Figure 4a it can be observed that nanostructured AgO/Ag-
functionalized ZnO:Fe films possess high selectivity to ethanol
vapors, i.e. a higher response to 20 ppm of ethanol vapor compared
to 1000 ppm of H; and CHs gasses. The evaluation of sensor
response selectivity was performed by cross-interference of H, and
CH, gases with ethanol vapors. The H, and CH, (1000 ppm) cross

gases in air + 20 ppm of ethanol vapors atmosphere. No
considerable deviations in response after introduction of 1000 ppm
of H, and CH,; gases were observed, demonstrating excellent
selectivity to ethanol vapors without interference from other gases.
Figure S2 also shows the gas response to 1000 ppm of H, and CH,4
gases and 20 ppm of ethanol vapors at 300 °C, introduced in the
test chamber one at a time, also showing excellent selectivity to
ethanol vapors. Figure S6 shows the long-term stability of
Ag/Zn0O:Fe nanostructured films at 300 °C for 20 ppm of ethanol
vapors, demonstrating good stability of the material.

Table 1 summarizes several recent results on high performance
ethanol sensors based on metal oxide micro- and nanostructures, as
well as other Ag-decorated ZnO nanostructures in order to compare
with our results. Our experiments show that the AgO/Ag NPs
decorated ZnO:Fe columnar films exhibit properties that are better
or on a par with most reports. Taking into consideration the
excellent selectivity of our Ag/ZnO:Fe nanostructured films and
rapid recovery, our samples are excellent candidates for high
performance ethanol sensors and in addition allow significant
customization in terms of for example the transition metal dopant,
its doping concentration, nano-particle quantity, composition and
size.

The sensing mechanism which was reported in our previous work
explains the excellent reactivity of ZnO:Fe nanostructured films
towards ethanol compared to the undoped films based on the
catalytic effect of the Fe dopant, facilitating the speed of the
response and recovery reactions during detection of ethanol.1* At
operating temperatures higher than 200 °C, mainly atomic oxygen
species are adsorbed on the surface of ZnO:Fe nanocrystallites
which are ionized when they capture free electrons.° This will form
an electron depletion region at the surface of the nanocrystallites
with the highest resistivity and the largest number of potential
barriers between nanocrystallites.1# 20. 50, 60, 61 After introduction of
ethanol vapors in the test chamber, ethanol molecules will oxidize
via the following reaction:4 25,26, 62

sensitivity to 20 ppm of ethanol vapors was also evaluated. Figure CHSCHZOH(ads) + 60(‘“5) N 2C02(g) +3H20(.) +6e 4)

4f shows the dynamic gas response to 1000 ppm of H, and CH4
Table 1. Ethanol vapor gas sensors based on n-type semiconducting oxides
Sensing material EtOH Gas response Operating Response Recovery

conc. (Rair/Rgas) or temperature (°C) | time (s) time (s)
(ppm) (Rgas/Rair)

Ag-doped ZnO-Sn0O: hollow nanofibers * 1 7.6 200 5 5
Ag/Zn0O nanorods ° 100 36.52 360 50 28
Zn0-Ag hybrids 7 100 101.8 370 ~15 ~ 20
Ag-ZnO films % 2000 ~2 225 5 -
Ag-doped ZnO films 2° 100 ~15 260 - -
Ag-(TiO2/Sn0Oz) 18 50 53 275 35 7
In203-ZnO nanocomposites 1° 300 900 250 25 1100
Ag/TiO2 nanoparticles 5 4.35 RT 52 63
In203 hollow nanorods 32 33 100 38.6 200 3 4
AuU/ZnO Nws 8 100 33.6 380 3 1
ZnO:Fe films 1 100 61 250 1.1 145
CuO hollow nanostructures 4 3500 ~7 200 - -
(CuO-Cu20)/Zn0:Al heterojunctions 42 100 ~16 350 - -
CuO/Cu20 nano-crystalline films 4 100 ~95 275 4.1 10.5
Ag/ZnO:Fe films (This work) 20 63 300 22 7.2




This will result in a narrowing of the electron depletion region and a
decrease in the potential barrier height, i.e. change in current
density.’* 8 Therefore, the gas response (S) depends on the
modulation of the electron depletion region and change in potential
barrier height (eAV;) between columns and nanocrystallites:14 60

s wonf 2] g

where k is the Boltzmann constant and T is the absolute
temperature.

In the present work, the further improvement in the ethanol vapor
sensing and fast recovery of our samples can be explained on the
basis of the excellent catalytic properties of the Ag nanoclusters. Ag
functionalization accelerates the oxidation reactions of the ethanol
molecules,’” 31 as well as the transfer of electrons or negatively
charged adsorbed oxygen, O-, to the surface of ZnO:Fe during the
recovery reaction.%3

Theoretical calculations

ZnO has the wurtzite structure characterized by the space group
P63mc (No. 186).%* Figure 5a displays the conventional hexagonal
unit cell with two formula units (f.u.). Each atomic sublattice forms
a hexagonal close-packed (hcp) arrangement along the [0001]
direction. Each ion type is tetrahedrally coordinated to the atoms of
opposite charge, implying that half of the tetrahedral sites are
empty. The Zn ions are distributed in the Wyckoff 2b tetrahedral
positions with coordinates (1/3, 2/3, 0), while the O atoms also
occupy the 2b crystallographic sites, lying above the cations at (1/3,
2/3, u). The u value represents the Zn-0 interatomic distance in
fractional coordinates in the ZnO bulk, which holds the relationship

_a-(3/8)
C
hexagonal material.

with the a and c lattice parameters for the perfectly

Table S1 shows the calculated relaxed lattice edges for the
hexagonal unit cell of ZnO bulk, which are slightly
underestimated by between 0.05 to 0.07 A with respect to
experiments.®* The internal coordinates were fully optimized,
with both types of ions remaining in their ideal Wyckoff 2b
crystallographic positions. We found a negligible difference
between the independent oxygen u parameter and the nearest
neighbours distance, indicating an undistorted tetrahedral
coordination for the Zn and O atoms. Although the shape of
the conventional unit cell was also allowed to relax, it
remained perfectly hexagonal, with an equilibrium volume of
V =26.294A3 f.u.l. The calculated Bader chargesf5-68 are
1.187 e~ for Zn and -1.187 e~ for O, which represent the
number of electrons transferred between the neutral atoms
upon the formation of ZnO bulk. These charges are ~40%
below the formal atomic oxidation state of 2+ and 2- for the

Zn and O atoms, respectively, which is a known effect in Bader
charges.%: 70 The calculated electronic band gap of 1.80 eV for
ZnO bulk is underestimated at 53% of the experimental
value,”’! which is a known artifact of DFT simulations where the
correlation of excited electrons is ignored.”?

We provide further computational insight by firstly modeling
the pristine terminations A and B of the low Miller index
(1010) surface of ZnO, shown in Figure 5b and 5c,
respectively. From our simulations of the surface energies,
which are summarized in Table S2, we have inferred that
termination B is the most stable surface, both before and after
relaxation, which led to the largest percentage relaxation
reported in this study.

The stacking sequence of ZnO in the []_010] direction and the
vertical atomic displacements towards the vacuum after
geometry optimizations are shown in Figure 5b and 5c. The
top surface layer of terminations A and B have a bulk-like
structure, comprising alternating rows of 2-coordinated O and
2-fold Zn ions in the [1010] direction. Structurally,
terminations A and B only differ by the interlayer spacings
between the exposed plane and the one beneath, which are
1.848 and 0.924 A, respectively. Following relaxation of
termination A, the top Zn atoms moved 0.27 A towards the
bulk and 0.36 A in the [0001] direction, causing the O ions of
the same layer to migrate 0.12 A outward and 0.09 A in the
[0001] direction, becoming closer to each other by 0.22 A. In
contrast, the Zn atoms of the subsurface layer shifted towards
the surface, by just ~54% of the displacement of the cations in
the top layer. The Zn ions in the remaining layers relaxed in
turn in the opposite direction with respect to the surface,
while the O atoms of all the subsurface layers always moved
towards the vacuum during optimization. However, the atomic
displacement was less than 0.05 A and was increasingly
attenuated for every layer towards the bulk. We found for
termination B that the undercoordinated Zn atoms are the
only ones that experience any noticeable displacements,
calculated at 0.30 A inward and ~56% of this value in the [0001]
direction.

Despite the lack of magnetism in any of the ZnO (1010)
we found different charge
terminations A and B. The 2-fold O atoms gain 0.20 e~ from the
2-coordinated Zn with respect to the charges in the bulk,
whereas the electron transfer is negligible for termination B.
Moreover, our simulations indicate that the work function of

surfaces, rearrangements in

termination A is 0.40 eV lower than for termination B, which
stands at 5.80 eV. This suggests that the oxygen-rich electrons
from termination A are easier to remove and are more
available than in termination B.

Based on these results we have analyzed the process of
substitutional doping of the ZnO lattice by Fe ions and its
impact on the thermodynamic stability of the surface, the
atomic charges and spin moments, as well as the work
function. From experiment, we know that the Fe content of
the samples is ~0.24 at%, which corresponds to 0.12 ions in a
48 f.u. supercell. Thus, given the size of our surface slab and to
avoid unrealistic decimal numbers of dopant atoms, we
decided to model 1 Fe substitution (2.08 at%), which is the
closest integer number. We have doped both terminations, A



and B, to study any changes in relative stability due to the
substitution. Only the doping of the exposed 2- and 4-fold Zn
sites were considered in the surface and subsurface according
to,

70,40,,(1010)+ Fe(s) = Zn,,Fe0,,(1010)+ Zn(s) (o)

The surface free energies of the Fe-doped systems, which are
listed in Table S2, show that substitution of any of the exposed
Zn atoms is an exothermic process. The dopings of termination
A sites release by far the largest energies, yet this is still not
enough for A to become the most stable termination. For the
most favorable doping, the substitution of the 2-coordinated
Zn brings ~3 meV-A-1 of stabilization to termination B, which
remains the major surface. Small shifts in the positions of the
surface atoms, of the order of less than 0.05 A, due to the Fe
insertion argue in favor of the nil stabilization of termination B.
We found that 2-fold Zn substitution is more stabilizing than
doping the 4-fold position, regardless of whether they are in
termination A or B, in agreement with their more prominent
exposure.

Zn substitution has a clear effect on the electronic and
magnetic properties of the surfaces. The introduced Fe atoms
lose more than 1 e~ with regards to the neutral atom after
replacing the surface Zn ions. The 2-fold Fe becomes more
positive after substitution, especially in termination B, than the
4-coordinated Fe. The doping of termination A also induces a
concomitant oxidation of 0.10 e~ of the remaining topmost Zn
atoms. The electronic charge is largely transferred to the
topmost O atoms, where each gains an average of 0.15 e-.
Based on the average magnetic moment of 4 uB-atom-1 for the
Fe atoms, we can assign them an oxidation number of 2+. The
electronic distribution eieit; is in reasonable agreement with
FeZ* ions in a pseudo-tetrahedral crystal field of oxygen
ligands, particularly in the 4-coordinated sites and in
termination B.

Our simulations suggest that following doping, the work
function is halved with respect to the pristine surfaces, see
Table S2, lending support to the increased reactivity of this
system.1* Moreover, the work function value can be controlled
by the coordination of the site occupied by the dopant atom.
For example, doping of the 2-coordinated site leads to a work
function of ~2.36 eV, while substitution of the 4-coordinated
Zn reduces this magnitude to 2.51 eV. We do not consider the
doped slabs of termination A or the 4-fold site of termination B
for further analysis because of their higher surfaces energies,
which make them very unlikely to appear in the ZnO crystal
morphology.

Additional modifications by adsorbing (AgO)n, clusters, where 0O
< m £ 6, were also carried out to evaluate the further
functionalization of the Fe-doped ZnO surface towards
selective detection of ethanol vapours. The (AgO), particles
were incorporated in three different relative positions to the
Fe dopant, i.e. i) above, ii) close by, and iii) far away. The initial
(AgO)m geometries were chosen based on small particles
derived from monoclinic Ag0.73 Our simulations suggest that
the addition of AgO in only three scenarios reduces the value
of the surface free energy with respect to the doped surface,

i.e. when 1 f.u. of AgO is placed above and close to the Fe or
when the dopant is underneath the (AgO)s cluster, see Table
S3. In general, the calculated surface free energy of the fully
modified surface increases slowly with m, mainly when the
cluster is close by or far away from the dopant. The calculated
clustering energies for the AgO nanoparticles are also in
agreement with the trend in surface free energies. Our DFT
modeling predicts that the adsorption of small AgO clusters of
up to m = 3 f.u. is thermodynamically unfavorable as the
clustering energy is negative in some cases. However, the
cohesive forces become more important for clusters of m = 4
f.u. the growth of the nanoparticles s
thermodynamically favorable.

We found that the work function increases gradually with m
upon adsorption of the (AgO)m, particles, and reaches a
maximum value of 3.14 eV at m = 6. Our calculations show that
the atomic magnetic moments and charges of the Fe-doped
ZnO films substrate are not noticeably affected following the
introduction of the AgO clusters. As expected, Ag is oxidized by
losing 0.65 e-, while the O atoms from the nanoparticle are
reduced by the same amount.

To simplify the analysis of the fully modified surfaces, we focus
the rest of the characterization on the case where the (AgO)s
nanoparticle is adsorbed above the Fe dopant. This choice of
cluster size will also allow us to discuss the interaction with
small molecules by using the largest possible isolated
nanoparticles without lateral inter-particle interactions.

The mimicked STM topographic image displays the regularly
repeated (AgO)s clusters sitting on the Fe-doped ZnO surface,
see Figure 5d, which resemble the well dispersed scanning
transmission electron microscopy high-angle annular dark field
(STEM-HAADF) image from experiments. The overall
agreement between these simulated and experimental
techniques provides strong support for the reliability of our
functionalized surface model.

We next investigated the interaction of the molecules present
in the test chamber, i.e., CH4, H, and CH3CH,OH as well as its
dehydrogenation product CH3CHO, with the fully modified
Zn0O (1010) surface. In a series of calculations, we studied the
single molecule adsorption by placing the adsorbates in
different orientations at 1.5 A from the surface. The molecules
were introduced at three relative positions to the (AgO)s
cluster, i.e. interacting solely with either the particle or the
Zn0O (10i0) surface and close to the interface formed between
them. Table S4 summarises the calculated adsorption
energies, indicating that their increasing strength of binding is
H, = CHs < CH3CHO < CH3CH,OH, regardless of the relative
position to the (AgO)s cluster. This order suggests a larger
preference for the interaction with the C, compounds than
with the H; or CH; molecules, in agreement with the gas
response experiments. We observe that the non-polar
molecules release the largest adsorption energies for the
almost degenerate interactions with either the ZnO (1010)
surface or the interface between surface and cluster.

We found that H, adsorbs molecularly for any of the
interaction configurations, in contrast to reports in previous
studies of the pristine and doped Zn (0001) surfaces.11 26,62 For
the least likely adsorption mode, the H, molecule prefers to be

when



sited at 2.27 A atop one of the most exposed Ag atoms.
Moreover, H, binds at the interface interacting with a Zn
cation at 2.10 A and simultaneously with a neighboring O atom
from the AgO cluster at 1.90 A. The distance between H, and
Zn was 0.07 A larger than between the adsorbate and a
surface oxygen, when the molecule is placed away from the
(AgO)s cluster. Our indicate that the H,
intramolecular distance experiences a minor elongation with
respect to the isolated molecule (between 0.76 and 0.79 A)
upon adsorption on the cluster, at the interface or on the
surface. The estimated charge rearrangement after H;
adsorption is negligible.

The CHs molecule also physisorbs in the three interaction
configurations considered in this study, in line with earlier
works.26: 62 The CHs molecule is not able to stay closer than
3.20 A to any atom from the (AgO)s cluster in the weakest
adsorption configuration. However, one of the H atoms has a
small affinity to interact at 2.46 A with one of the O ions from
the cluster or the surface when the CHs molecule is placed in
the vicinity of the interface or away from the nanoparticle,
respectively. The C-H bond distances and H-C-H bond angles
are 1.10 A and 109°, respectively, which are very similar to the
ones calculated for the isolated molecule. The Bader analysis
shows that CH4 remains electrically neutral following
adsorption, which is expected for physisorbed molecules.

The adsorption energies reveal that the least favorable
adsorption sites for CH3CHO are the cluster and the interface,
which show similar affinity. The aldehyde binds to the (AgO)s
nanoparticle through the formation of HCHO-OSURF and
OCHO-Ag bonds of lengths 1.98 and 2.20 A, respectively,
where CHO represents atoms from the polar carbonyl group
and SURF represents surface atoms. Our calculations predict
that CH3CHO will be slightly more detached from the substrate
in the degenerate adsorption mode at the interface than
above the particle. In this adsorption mode, the aldehyde
molecule is able to bridge two neighbouring (AgO)s clusters

simulations

given their proximity, forming Ocpo—Ag and Hcus—Osurr bonds
of lengths 2.38 and 2.20 A, respectively, where CH3 represents
the methyl group. In the most stable adsorption site, away
from the (AgO)s nanoparticle, the carbonyl oxygen is binding a
Zn ion at 2.13 A, while one of the methyl hydrogen connects to
a surface oxygen atom at 1.96 A. Following adsorption, we
found that the intramolecular C-O distance is stretched by
0.02 A, while the carbonyl H-C-0 bond angle is changed from
120° to 118° with respect to the isolated aldehyde molecule.
Our DFT simulations estimate that the molecule will donate
0.16 and 0.07 e~ charge when adsorbed on the cluster and at
the interface, respectively.

CH3CH,OH interactions with the cluster/surface interface in
the least and most favorable adsorption modes are shown in
Figure 5e and 5f, respectively. These configurations can be
viewed as the initial and final states of the spontaneous
alcohol dehydrogenation reaction, with an exothermic
enthalpy of -3.33 eV. The simulation of the structure of the
initial and least preferred configuration indicates that the
alcohol adsorbs molecularly. The hydroxyl H forms a hydrogen
bond to one surface O at 1.56 A, while the hydroxyl O weakly
coordinates to one Ag atom at 2.42 A. During the

dehydrogenation process, we found that the O-H bond breaks
and the CH3CH;0H molecule rotates to allow the scission of
the Cq—H bond. This leads to the formation of two hydroxy
groups, one formed with a surface oxygen and the other with a
cluster oxygen, as well as the CH;CHO molecule fragment
adsorbed to the surface. We also found another adsorption
configuration above the (AgO)s cluster, where the CH3CH,OH
interacts dissociatively by donating only the hydroxy H to one
cluster oxygen. We have elucidated for the molecular
adsorption configuration that the ethanol O-H distance is
slightly elongated by 0.05 A as the H forms one hydrogen bond
with a surface oxygen. However, for the interaction mode
where only one H is donated to the cluster, the C-O distance
shortens by 0.03 A. Elimination of the second H further
reduces the C=0 distance to 1.24 A, which is now typical of a
double bond. The adsorbate donates to the surface 0.28 e-
charge for the molecular adsorption and the mode where the
molecule loses one H. However, the largest adsorbate-to-
substrate charge transfer of this study is calculated at 1.29 e~
for the case where the CH3CH;0H molecule dehydrogenates to
form CH3CHO, in agreement with the enhanced sensing
properties of the Fe-doped ZnO (1010) surface decorated with
the (AgO)m clusters.

Conclusions

In summary, the ZnO:Fe columnar films were successfully
functionalized/decorated with AgO/Ag NPs by a new strategy.
Systematical investigations demonstrate that Ag NPs have
bimodally distributed diameters of around 7 and 10 nm
respectively and are slightly oxidized on the surface. The gas
sensing results underline that Ag-decoration is highly efficient
to effect considerable increase in sensitivity to ethanol vapors
(gas response to 20 ppm increased from ~ 15 to ~ 63), without
change in selectivity. Even after introduction of H, and CH,4
gases with much higher concentration (1000 ppm) in the
presence of 20 ppm of ethanol vapors in the test chamber no
changes in current are produced, which demonstrates the high
selectivity of nanocluster-fuzed AgO/Ag/Zn0O:Fe columnar films
to ethanol. The high performances are explained based on
excellent catalytic properties of mixed phases AgO/Ag NPs,
which accelerate the oxidizing reactions of ethanol molecules
on the surface of nanostructured films. These results are of
significant importance to the development of nanomaterials
for the sensing of volatile organic compounds, e.g. ethanol
vapor in modern cars with ‘alcolocks’, etc..

In this study we also have reported the construction of the
pristine and modified ZnO (1010) surface followed by the
adsorption of small molecules. We have modelled the two
stoichiometric, symmetric and non-polar terminations of the
Zn0O (1010) surface. The two surface terminations were doped
with Fe in the exposed 2- and 4-fold Zn lattice sites. The
thermodynamically most stable surface termination, with the
Fe dopant in the 2-coordinated position, was decorated with
(AgO)m clusters of different sizes and at various positions. The
clustering energy shows that for m > 4 the (AgO), particles
prefer to grow rather than wet the surface.



We also have investigated the interaction of H,, CHs, CH3CHO
and CHs3CH,OH with the (AgO)s cluster, surface and their
interface. In general, the non-polar H, and CH; molecules
interact weakly with any fragment of the fully modified
surface. Although CHsCHO binds relatively strongly to the
surface, we found that the nanoparticles do not enhance its
adsorption as they do not provide the most stable adsorption
site. Yet, the nanoparticles are fundamental for the molecular
adsorption and dehydrogenation of CH3CH,0OH, improving the
sensing capabilities compared to the undecorated surface.
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Figure 1. SEM images of - nanostructured ZnO:Fe columnar films decorated with AgO/Ag nanoparticles: (a) at low

magnification; (b,c) at higher magnification. (d) Illustration of fabrication flow of g

as sensors based on ZnO:Fe and

AgO/Ag NPs-functionalized ZnO:Fe columnar films and (e) the overall structure of sensor.
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Figure 2. (a) Room temperature micro-Raman spectrum of AgO/Ag-functionalized ZnO:Fe columnar film. XPS
spectra of AgO/Ag/Zn0:Fe nanocomposite (black, upper line) and reference AgNP (red, lower line); (b) overview

spectra; (c) high resolution spectra of Ag-3d lines; (d) high resolution spectra of C-1s line.
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Ag/ZnO:Fe

Figure 3. TEM analysis of Ag/ZnO:Fe (top row) and Ag NPs on carbon films as a reference (bottom row). a) SAED
pattern of Ag/ZnO:Fe crystals. The d-values determined from the pattern match with wurtzite-structure ZnO, pure
Ag and AgO (space group P2./c). b) and c) STEM-HAADF images of a ZnO:Fe crystal cluster. Yellow arrows in c)
mark position of Ag NPs. d) SAED pattern of Ag NPs on a blank carbon film. Only d-values associated with pure Ag
are apparent. e) TEM bright field image of the clusters, showing the pronounced bimodal size distribution. f) High

resolution micrograph of a silver nanoparticle.
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Figure 4. (a) Gas response versus operating temperature of columnar Ag/ZnO:Fe film. (b) Gas response to 20 ppm

of ethanol vapors versus operating temperature of ZnO:Fe and Ag/ZnO:Fe columnar film. (c) Dynamic response of

Ag/ZnO0:Fe structure to different concentrations of ethanol vapors at 300 °C of operating temperature. (d) Gas

response of Ag/ZnO:Fe films versus concentration of ethanol vapors at 300 2C of operating temperature. (e)

Calculated response and recovery times of Ag/ZnO:Fe structure versus operating temperature. (f) Dynamic

response to 1000 ppm of CH; and H; in the air + ethanol vapors with 20 ppm of AgO/Ag/Zn0:Fe structure.
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Figure 5. Schematic representation of: (a) the conventional hexagonal unit cell containing two formula

units of wurtzite ZnO, where the mathematical relationship for the oxygen u parameter is indicated. Side
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view of the relaxed simulation slabs of terminations: (b) A and (c) B of the ZnO (1010) surface. Black

arrows show the direction in which the surface atoms moved during optimisation and the numbers
indicate the displacement in A in the direction perpendicular to the surface. Negative values represent
movement towards the bulk, while positive numbers denote displacement towards the vacuum. The 2-
and 4-fold Zn positions that were doped with Fe are displayed within red circles, and the dashed line
represents the plane of symmetry. (d) Simulated STM image of the Fe-doped ZnO (1010) surface with
the (AgO)s cluster adsorbed using a bias of —2.0 eV, a density of 0.0186 e-A 2 and a tip distance of 1.50
A. Inset shows enlargement of the STM image. The black arrow indicates the position of the Fe dopant
below the (AgO)s nanoparticle. (¢) Molecular adsorption of ethanol and (f) dehydrogenated adsorption of
ethanol. Interatomic distances are represented in A. Crystallographic directions are indicated for all

figures.
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