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XPS investigation on highly doped ZnO:Fel0x thin film

A ZnO:Fe thin film with a higher iron doping concentration (Zno:Fel0x), increased to ten times
the normal concentration was investigated by XPS. The corresponding spectra are shown Figure
S1. In the overview spectrum, the elements Zn, Fe, O and C are detected. The presence of C
originates in surface contamination by atmospheric organic compounds and the respective C-1s
line is used for charge referencing as aliphatic C-1s at 285 eV. In case of the highly doped
ZnO:Fel0x thin film, the characteristic iron lines Fe-2ps» and Fe-2p12 (Figure S1b) are located
at 710.6 eV and 724.0 eV respectively, resulting in a peak spreading of 13.4 eV. The observed
peak positions, the peak spreading as well as the peak shape with the satellites at higher binding

energies correspond well to fully oxidized Fe;Os.
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Figure S1. XPS spectra of a ZnO:Fe columnar thin film with increased iron doping concentration (10

times the reference concentration); a) overview spectrum; b) high resolution spectrum of Fe-2p lines.
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Figure S2. The gas response to H, (1000 ppm), CH. (1000 ppm) and ethanol vapors (20 ppm) at 300 °C

for Ag/ZnO:Fe nanostructured films.



TEM investigations of AgO/Ag on ZnO columnar structures

Ag NPs are only visible in HAADF contrast. They are invisible in TEM bright field mode; no high

resolution micrographs could be recorded because of too high sample thickness.

Figure S3. TEM BF overview image. No NPs are visible in bright field mode.

Figure S4. STEM-HAADF micrograph of a ZnO columnar structures. In low-magnification

overview image no Ag/AgO NPs are visible.
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Figure S5. (a) STEM-HAADF micrograph at higher magnification of the ZnO microstructures.

Some NPs are visible near the fringe of the ZnO microstructures. (b,c,d) STEM-HAADF

micrograph at high magnification. Multiple Ag/AgO nanoparticles are visible as bright spots.
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Figure S6. Long-term stability of Ag/ZnO:Fe nanostructured films to 20 ppm of ethanol at

operating temperature of 300 °C.



Computational methods

A. Calculation details

We have employed the periodic plane-wave density functional theory (DFT) method within the Vienna

ab-initio simulation package (VASP)* to simulate the adsorption of H,, CH4, CH3CH,OH and CHsCHO
to the modified ZnO (1010) surface. We have used the Perdew, Burke and Ernzerhof (PBE) semilocal

functional approximation for the exchange-correlation energy.® The projector augmented wave (PAW)
method was used to model the atomic frozen core states and their interaction with the valence levels.®’
The valence electrons comprised those in the 4d5s states for Fe and Ag, the 3d4s orbitals for Zn, the 2s2p
levels for O and C as well as the 1s shell for H. The expansion of the Kohn-Sham (KS) valence states was
calculated with a kinetic energy cut-off of 400 eV. The Brillouin zone electronic integrations were
performed using a /-centred Monkhorst-Pack sampling grid® with a maximum separation of 0.7 A™*
between k-points, which is sufficient to describe the insulating properties of ZnO bulk.® This mesh

density, which was double-checked with respect to the convergence of the total energy of the unit cell of
ZnO bulk, corresponds to 4x4x2 k-points. The ZnO (1010) surfaces were modelled using the

commensurate 1x1x1 k-points mesh. The isolated molecules were simulated in a cell with broken
symmetry, whose edges were approximately 5 times larger than the length of ethanol, the largest
molecule considered in this study, sampling only the I" point of the Brillouin zone. The electronic partial
occupancies were determined using the Gaussian smearing method as ZnO was considered as an
insulator. The width of the smearing was set at 0.05 eV, ensuring a negligible electronic entropy
contribution to the free energy, which is the variational quantity in this form of finite temperature DFT.
Long-range dispersion interactions were modelled using the semi-empirical method of Grimme, with the
Becke-Johnson damping [D3-(BJ)], which is essential to investigate the interaction of extended surfaces
with molecular adsorbates, whilst avoiding unrealistic repulsive interatomic forces at short non-bonded
distances.!* 12 The optimization of the structures was conducted via the conjugate-gradients method,
which stopped when the Hellmann-Feynman forces on all atoms were smaller than 0.01 eV-A™%. We have
used the Dudarev et al.* approach within the DFT+U to improve the description of the localized and

strongly correlated d states for the metal atoms. The values for the on-site Coulomb interaction term in



this study were Ue = 4.0 eV for Fel* 1> and 6.0 eV for both Ag!® and Zn.}” Spin-polarization was
considered for all calculations as Fe is a ferromagnetic transition metal. These criteria allowed

convergence of the total electronic energy within 10™* eV per atom.

B. Surface models

The two ZnO (1010) surface terminations were constructed by using METADISE®® to cut the geometry

optimized bulk. The surface slabs had a surface area of 98.574 A% and contained 96 atoms, i.e. 48 formula
units, and 8 atomic layers. The surface slabs are symmetric along the z axis and the stacking of the atomic
layers in this direction is (Zni—01)—(Zn2—0,), with the ions inside brackets lying approximately within
the same plane, which form the non-polar terminations A and B, presented in Figure 5b and 5c,
respectively. The four bottommost layers were frozen at the relaxed atomic bulk positions, to simulate the
bulk phase, while the rest of the slab was allowed to relax, providing a single relaxed surface. We applied
dipole corrections in the direction perpendicular to the surface,'® 2 to account for the asymmetric
introduction of the dopant and adsorbates. A vacuum gap of 20 A was included above the surface in order
to avoid interactions between the periodic slabs. The vacuum thickness as well as the total and relaxed

number of surface layers were carefully tested until convergence to within 1 meV per atom was reached.

C. Calculation of surface energy and adsorption energy

We have based our analysis of the relative thermodynamic stabilities on the surface energies (y) of the
pristine terminations A and B of the ZnO (1010) surface. As described in the section Surface models,

our surface models for the two terminations are symmetric along the direction perpendicular to the slab.
This condition allows us to treat separately the energies provided by the unrelaxed and relaxed halves of
the simulation slabs, which is an approach widely used in the simulation of surfaces.?*?® To obtain the
contribution from the unrelaxed half of the cell, we calculate the surface energy (y.) from the energy of

the slab with all atoms at their optimized bulk positions (E,) as,



Eu —-n- Ebulk
2A
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where n is the number of formula units contained in the surface cell, Enuik is the energy of the bulk per

formula unit and A is the surface area of one side of the slab.

Following geometry optimization of the uppermost half of the simulation cell, the surface energy of the

relaxed side of the slab (yr) is calculated according to,

(S2)

where E; is the energy of the half-relaxed surface slab.

We also quantified the degree of relaxation (R) of each surface termination as a percentage of the surface

energies for the unrelaxed and relaxed slabs, which was defined as

R=2v"7r 100 (S3)
Yu

The surface free energy (o) after doping or adsorbing the clusters was obtained from the surface energy of

the pristine surface as follows

E(AgO)m/surf - Er - X- EFe +X- EZn -m- EAgO

o=y, +
4 A

r

(S4)



where E AGO), /surf is the energy of the Fe-doped ZnO (1010) surface decorated with the (AgO)n particle,

x is the number of Fe dopants substituting Zn ions, E.,(E,,) is the energy of one atom in the bulk of a-

Fe (hcp Zn), mis the number of AgO formula units and Eago is the energy per formula unit of AgO in the

bulk.

The stability of the growing (AgO)n cluster was evaluated using the clustering energy (Ecis) per formula

unit as

E = E(Ago)m/surf —Eg —m- EAgO

clus (55)
m

where Esur is the energy of the Fe-doped ZnO (101 0) surface. A positive clustering energy indicates that

the enlargement of the AgO cluster is favorable, while a negative value suggests that AgO prefers to wet

the substrate.

The interaction of the Fe-doped ZnO (1010) surface decorated with the (AgO)m nanoclusters and the

molecular systems was measured using the adsorption energy (Eags), which was derived as,

Eads = EmoH(AgO)m/surf - E(AgO)m/surf - Emol (86)

where E . ago),ssurt 1S the energy of the modified surface/adsorbate system and Enmo is the energy of the

isolated adsorbate.



E. Simulation of the scanning tunnelling (STM) images

We have plotted the STM images for the modified ZnO (1010) facets, which comprised the Fe dopant

replacing Zn in the most favorable position and the (AgO)n cluster decorating the surface. To this end, we
have used the most basic approximation of the Tersoff-Hamann formalism?* as implemented in the HIVE-
STM program,? % where the probe tip is treated as a point source. The tunneling current was simulated
by integrating the local density of states (LDOS) charge density between the Fermi level and —2.0 eV,
which is the energy that corresponds to the applied bias. The STM plots were mapped in the constant
current mode, allowing also vertical displacements of the probe tip with respect to the surface to keep a
constant charge density. Positive sampling bias represent a tunneling current moving from the STM tip

towards the surface, while the contrary holds for the negative values.
F. Work function

The detection of ethanol vapours involves the electrocatalytic decomposition of the adsorbed molecules at
the ZnO (1010) surface. It has been shown that negatively charged oxygen atoms play a key role in this
process and that the surface substrate acts as the source of electrons.?’3! The introduction of metal
dopants in various concentrations and lattice sites alongside transition metal oxide nanoclusters are
known modifications to control the electron availability for heterogeneous catalysts, such as ZnQ.3 32 33
In this paper, we have used the work function (&) as a descriptor of the reducing character and reactivity
of the pristine and modified ZnO (1010) surface.?> 2 The work function is defined as the energy
required to remove the loosest held electron from the surface of a material to the vacuum. Theoretically,
this is equivalent to measuring the thermodynamic work required to take out an electron from the Fermi

level (Ef) into the electrostatic potential of the vacuum (Vv), which can be calculated as @ = Vv — Ef.



Table S1. Summary of the unit cell lattice (a and c) edges of the wurtzite ZnO reported from
experiments (Ref. 34) and calculated.

Experimental Calculated
a(A) 3.2501 3.2009
c(A) 5.2071 5.1327




Table S2. Calculated surface energies before (yu) and after relaxation (yr) and the percentage of
relaxation (R) for terminations A and B of the pristine ZnO (1010) surface. The surface free
energies (o) are also reported for both terminations of the Fe-doped ZnO (1010) surface. The

work function (@) values are indicated for each surface.

Termination Doping site yu(eV:A™?) 1vydo(eV:A?) &((.V) R

A pristine 0.220 0.190 5.40 13.81
2-fold 0.140 2.37
4-fold 0.137 251

B pristine 0.104 0.084 5.80 19.49
2-fold 0.084 2.36

4-fold 0.082 2.51




Table S3. Calculated surface free energy (o), work function (&) and clustering energy (Ecius) for
the Fe-doped ZnO (10i0)surface decorated with the (AgO)m clusters. m represents the number

of AgO formula units in the nanoparticle. The relative position of the (AgO)m nanoparticle with
respect to the Fe dopant is also indicated.
m  Relative o (eV-A™?) @ (eV) Ecus (eV)

position to
Fe dopant
1 above 0.079 2.51 —0.335
close 0.078 2.53 —0.338
far 0.095 2.38 1.307
2 above 0.089 2.33 0.329
close 0.083 2.46 0.050
far 0.109 2.39 1.338
3 above 0.080 2.43 —-0.068
close 0.092 2.62 0.327
far 0.105 2.98 0.753
4  above 0.098 2.81 0.396
close 0.123 2.96 1.013
far 0.117 3.08 0.867
5 above 0.099 3.03 0.333
close 0.129 2.94 0.936
far 0.133 3.02 1.013
6 above 0.111 3.14 0.478
close 0.119 2.99 0.603

far 0.137 3.08 0.900




Table S4. Adsorption energies (Eads) of the Hz, CH4, CH3CHO and CH3CH20OH molecules for

the three positions considered, i.e. above the cluster, at the cluster/surface interface and at the

surface.

Molecule Position Eads (V)

Ho cluster —-0.154
interface -0.312
surface —0.308

CH4 cluster -0.134
interface —-0.335
surface —0.326

CHsCHO cluster —-0.697
interface —0.667
surface —-1.053

CH3CH20H  cluster —1.786
interface —0.998

surface —4.326
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