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ABSTRACT

Here we present a combined theoretical and experimental study of hydrogen adsorption on Zn-
functionalized MgO surface. We have systematically compared infrared spectra recorded at
increasing hydrogen pressure (10°—100 mbar) on rock salt Zng gsMgo.gsO and MgO nanocubes.
The interpretation of vibrations involving hydrogen was supported by ab initio calculations
following the same strategy as for pure MgO. Despite the small Zn concentration, we
unambiguously recorded Zn-specific signals. Most interestingly, we find that all chemisorption
complexes characteristic of MgO surface reactivity remain highly preserved on Zng¢sMgo.¢s0,
while the effect of segregated Zn is strongly localized to its first oxygen neighbors. From the
intensity variation of the IR couples when passing from spectra of pure to Zn-modified MgO, we
(1) confirm the validity of the adsorption models that we previously proposed for MgO and (2)

show that Zn segregates preferentially on low-coordination Mg surface sites (88% and 50%
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substitution at corners and step edges, respectively). This study demonstrates that hydrogen can
serve as a specific probe for low-coordinated Zn surface sites on Zn,Mg;xO due to a higher H’

affinity of Zn*" than Mg*" cations.
1. Introduction

There is a general agreement on the fact that the surface functionalization of nanomaterials may
promote novel physico-chemical properties.>? Decoration of graphene by transition metals or
addition of dopants like boron and nitrogen significantly improve the poor hydrogen storage
capabilities of pristine graphene.? Substitution of Fe in the V,03(0001) surface increases the
reducibility of the resulting mixed metal oxide surface.* Enhanced corrosion resistance and
biocompatibility of the Ti surfaces was attained by chemical modifications with ZnO thin films
and organic bifunctional molecules.® Surface modification of iron oxide makes them useful as
nano-sorbents in purification of waste water.® However, the protocol of substitution generally
differs when passing from a material to another and the nature of the surface sites that are
involved in the functionalization are seldom analyzed in detail and firmly identified. Actually,
this step is crucial in view of designing nanomaterials with selected reactivity, bio-compatibility
or with specific electronic and optical properties.” MgO nanocrystals are here an archetype. MgO
is widely used in surface science and catalysis since its most stable surface, namely MgO (001),
is non-polar and does not undergo considerable structural relaxation.® When synthesized in
controlled conditions, MgO nanopowders reveal high thermal stability, nearly perfect cubic

shape® and can reach a specific surface area of ~350 m?g™."?

These characteristics — in particular the exceptionally large surface area — make such MgO

nanocrystals a reliable model for surface functionalization and, hence, for the subsequent studies



on the correlation between doping and reactivity. Significant changes in surface reactivity (and
thermal stability) were observed when only 0.2 % of Li* ions were admixed to MgO. In this
study all IR fingerprints related to MgO were shown to become altered even though the
maximum concentration of the active sites on the undoped MgO surface corresponds roughly to
3% of the total surface sites.™* When doping MgO with Ca®* an enhanced and red-shifted
photoluminescence emission was achieved with respect to its parent oxides, CaO and MgO.*
The study of the photonic behavior in SryMg;xO nanopowders revealed a blue-shifted PL
maximum compared to pure MgO™® that is, however, exactly opposite to that observed in
CaxMg1.xO nanopowders.*? In this context, the most studied system is ZnO-MgO, which mixes a
semiconductor and an insulator and whose band gap goes from 3.37 to 7.8. At the two ends of
the phase diagram, Mg-doped ZnO and Zn-doped MgO keep the ZnO wurtzite and MgO cubic
structure, respectively, while the medium composition range consist in a mixture of the two
phases.'**® In addition to the optical and semiconductor properties which are based in particular

on the variable band gap***®, Zn,Mg;.xO combines the rich surface chemistry of the two parent
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oxides and has multiple catalytic'’*°, photocatalytic?®?, antibacterial?*** and antifungal
applications.?® Changes in surface chemistry clearly correlate with dopant-induced electronic
states that show up in valence bands of mixed oxides.”?® However, little is known to which
extent doping atoms perturb the matrix of the host oxide. In particular, a crucial issue is to know

19,27

whether the doping modifies the sites only locally™™“" or if, conversely, it induces a charge

redistribution which affects a wider neighborhood.

Adsorbed protons are of great relevance to probe MgO and ZnO surfaces. This is due to the
extreme sensitivity of O-H and metal-H stretching frequencies towards changes in bond

distances caused by charge transfers.?®?° This has motivated the present Fourier transform



infrared spectroscopy (FTIR) study of hydrogen adsorption on Zng osMgo.9s0O nanopowders. The
choice of the Mg-rich side of the ZnO-MgO phase diagram was simply motivated by the cubic
rock salt structure of Zn-doped MgO nanoparticles, which appears much more tractable than Mg-
doped ZnO whose wurtzite structure is expected to involve a fairly complex set of facet
orientations.*® Moreover, for zinc concentrations lower than 10 at. %, only selective
modifications of the edges in MgO cubes in form of Zn®*— O*~ scaffold-like structures were
observed while the shape and cubic phase of pure MgO remain preserved.® Indeed, the Mg?*
substitution by Zn®" at the surface of MgO provides stabilization of the otherwise unstable cubic
ZnO, which can be achieved only at high-pressures (2-9 GPa). By comparison with the
heterolytic H, splitting on pure MgO nanocrystals, it is foreseen to point out the specific role of
Zn?* that replaces Mg** at the surface and show in which respects the reactivity of Zn,Mg;,O
nanopowders differs from pure MgO nanopowders and why. First, we focus on the
morphological characteristics and optical properties; then, we analyze the IR absorption spectra,
which evolve as a function of the H, partial pressure (Pu2). By comparison with DFT
calculations of the hydrogen adsorption enthalpy on model surface sites at Zn,Mg; <O (001)
surfaces, and the corresponding OH, H-Mg and H-Zn stretching frequencies, we propose an
explanation for the monitored changes in terms of sites that show the highest reactivity towards

Ha.
2. Experimental and computational details
2.1 Synthesis, FTIR measurements and characterization techniques (DR UV-Vis, TEM)

Measurements have been performed in an UHV apparatus involving a preparation chamber

and a main chamber — both including working pressure in the 10™'° mbar range. Fourier



Transform Infrared Spectroscopy (FTIR) was performed on MgO pellets in the main chamber
(through ZnSe windows) in the transmission mode by means of a Bruker Vertex 70 FTIR
spectrometer equipped with an MCT detector. Blanks were collected prior to exposure and used
as references. Zng sMgo0sO powders were obtained via CV'S technique.’' As starting material,
high purity Zn and Mg pieces (> 99.98%) supplied by Goodfellow were used. The Zn*" and
Mg?" concentrations were determined by atomic absorption spectroscopy (Analyst 100, Perkin-
Elmer). The ZnysMgj 95O powder was pressed into pellets with the pressure applied less than 5
bar to avoid any changes in the specific surface area. Prior to being transferred in the main
analysis chamber, Zn sMgy 95O pellets were degassed at 1170 K in UHV for one hour in the
preparation chamber. The applied annealing treatment guaranties adsorbate-free Zng sMgg 95O
surfaces, which was confirmed by absence of any adsorbed impurity in the initial infrared
spectrum. Reference spectra used for the subtraction were recorded on the Zng sMgj 95O pellet
degassed in UHV. Hydrogen that was used for the adsorption was supplied by Air Liquide with
purity 99.999%. The IR spectra were recorded with a resolution of 4 cm™ by averaging 250
interferogram scans to obtain a reasonable signal-to-noise ratio. For the purpose of subsequent
transmission electron microscopy (TEM) and diffuse reflectance UV-vis (DR UV-Vis)
spectroscopy measurements, the powders were also thermally activated at 1170 K in HV (P <10
mbar). In order to prevent any contact of the powder with the ambient air, the TEM grid was
transported in a vacuum cell before microscopy measurements. However, while inserting it into
the microscope, this could not be fully avoided in a time scale of around 5 minutes. The TEM
analysis of the particles was achieved by using a JEOL 2100 field emission transmission electron
microscope operated at 200 kV with a 0.18 nm resolution. The statistics used to plot each particle

size distribution (PSD) involved the observation of more than 300 particles. The DR UV-vis



spectra were recorded at room temperature using a Varian Cary 5000 spectrometer equipped
with an integrating sphere, while a sample of barium sulfate (BaSO4) with ~100% reflectance
was used as a reference. Spectra were collected in the presence of molecular oxygen (Pp,=10

mbar) in order to quench the photoluminescence.

2.2 DFT calculations

The calculations have been carried out by using the DFT-based suite QuantumEspresso within
the generalized gradient approximation (PBE)* to density functional theory (DFT).”! We
accounted for the interaction between the ionic cores and the valence electrons by ultra-soft
pseudopotentials, with 40 Ry cutoff on the plane-wave expansion of the Kohn-Sham orbitals.
The vibrational modes (frequencies and atomic displacements) were computed through the
Density Functional Perturbation Theory (DFPT) in the harmonic approximation.” We carried
out benchmark calculations on known molecules (MgH,, ZnH, and H,O) to align the calculated
frequencies on the measured ones. We used several slabs with periodic boundary conditions;
they were at least 7 atomic (001) layers thick, up to 9 layers in the slabs with diatomic steps. The
slabs were fully relaxed, apart from the fixed central layer. We inserted a void space between the
periodic images of the slab that was 12 A as thick. Within the previous choices, the adsorption
energies and frequencies upon hydrogen adsorption were not biased by the slab thickness and the
void space. In most cases, the unit cell was big enough to have a small Brillouin zone that can be
accordingly sampled with the Gamma point. In order to obtain a clear comparison between the
simulations of pure MgO and mixed Zn,Mg:.xO nanopowders, we used most of the structural
models that we employed in Ref. 29, by replacing the Mg cations at low-coordinated sites (3C or
4C) with Zn. We tested a few models differing by the site replacements and analyzed the
structural details (bond lengths and angles). Then, we tested the adsorption of H, on several non-
equivalent low-coordinated sites. As in pure MgO nanopowders, the hydrogen adsorption

resulted to be dissociative on the low-coordinated O and Zn sites. Then, we computed the



corresponding adsorption energies, the bond lengths involving H* and H™ and the stretching
frequencies.
3. Results

3.1. The Zng05Mgo.050 nanocubes.

3 4 5 6 7 8 1 2 3 4 5
Size / nm Size / nm

Figure 1: TEM images and size distribution diagrams of MgO (green) and Zng0sMgo.950 (blue).

TEM images and particle size distributions of MgO and Zng 0sMgo.9s0 nanoparticles are shown
in Figure 1. TEM images show that both powders consist of cubically shaped nanoparticles as
usually found for pure MgO nanocrystals obtained by CVS.? As previously observed, the cubic
shape specific of MgO pure nanocrystals is preserved in ZnxMg;.xO nanopowders for x < 0.15.%
An important difference regards the size. While in the case of MgO the particles are ~ 5 nm wide
on average — in line with that of the Ref. 29 — the mean size of Zng osMgo.950 nanocrystals is

reduced to 3-3.5 nm. This smaller size is also reflected by a higher degree of the light scattering



as seen in the absorption spectrum between 350-500 nm (blue curve, Figure 2). The second
parent oxide, namely CVS-ZnO, reveals nanoparticles that are much different in terms of both,
the shape and size,® when compared to Zno,;sMgogsO nano-oxide. Typical tetrapod-like ZnO
structures of relatively large size can be seen in the inset of Figure 2. Relying on X-ray
diffraction spectra (Figure S1), we exclude the phase separation and, thus, the presence of pure
ZnO wurtzite in the mixed Zno 5sMgo.9s0 powder and we assume that the ternary oxide is entirely
crystallized in the cubic structure. This is consistent with the phase diagram of the Zn-Mg-O
system which, up to 40 at. % Zn, describes a solid solution of ZnO in MgO.*® On the basis of the
findings for the bulk Zn-Mg-O solid solutions and the ZnMgO nanopowders, Zn is expected to
be incorporated in the MgO network in particular by replacing the Mg?* cation at the surface.*
We firstly studied the effect of Mg**->Zn®" substitution on the optical properties of MgO by
means of UV absorption spectroscopy, as this technique is highly reliable for probing the
atomistic structure of specific surface topological features.*®**” DR UV-Vis spectrum of

Zno 05Mgo.950 nanopowder is compared in Figure 2 with the spectra of its two parent oxides

(MgO and ZnO). In agreement with previous reports,**%

the spectrum of MgO (Figure 2, green
curve) consists of two distinct absorption bands at ~220 and ~270 nm that are respectively
associated with the electronic transitions involving 4-fold (4C) and 3-fold (3C) coordinated
surface elements. In the spectrum recorded on Zng 0sMgo 950, the spectral components are shifted
to longer wavelengths and, in contrast to MgO, an absorption is observable even above 290 nm
(below 4.3 eV). It is well documented that the incorporation of Zn®* can lower the band gap of
pure MgO via the Zn 4s states near the Fermi level.*® This explains the additional absorption

observed in Zng 0sMgo.gsO spectrum, with the tendency towards lower energy especially after the

absorption edge on pure CVS ZnO was observed at ~380 nm (Figure 2, black curve). Regarding



the absorption intensity, that is overall enhanced in Zng osMgp.950 spectrum, it can be to some
extent related to an increased contribution of low coordinated surface sites of smaller
ZN0.0sMgo.050 particles (3 nm vs. 5 nm of pure MgO).* Both the red shift of the absorption
maxima and the intensity increase of almost all MgO-specific absorption features appear to stem

from the modification of MgO surface by zinc.
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Figure 2: DR UV-Vis spectra of MgO (green) and Zng ¢sMgo.050 (blue). The spectrum of pure

ZnO (black) is added for the sake of comparison. The inset shows TEM image of pure CVS

ZnO0.
3.2. Hydrogen adsorption.

The effect of Zn®* functionalization of the MgO surface was probed upon H, adsorption. We
recorded FTIR spectra on Zng05Mgo.9s0O nanopowders as a function of the partial hydrogen

pressure Py, (Figure 3). As already pointed out for the case of pure MgO,? a pressure higher



than 10> mbar is required to saturate the IR pellets by assuming a fast diffusion of hydrogen.
Hence, the spectra recorded below this pressure are not quantitatively significant and we
accordingly set the Py, range from 10™ to 100 mbar. The evolution of spectra upon hydrogen
adsorption is in many respects similar to what we observed on pure MgO nanocrystals.?> Among
the first detectable IR bands which appear up to Py, = 10 mbar (hereafter labelled region A) are
features that in pure MgO are attributed to the irreversible chemisorption complex | related to
Osc (3712 and 3699 cm™') and Mg inverse corners (Mgc) (1140, 930-970 and 863 cm ™) — the
latter being a site close to two interpenetrating (100) and (010) faces on MgO (001). % The
intensities of all these features boost at Py, > 10 mbar until they reach the saturation limit at Py,
~ 1 mbar (region B). At this hydrogen pressure, bands at 3610 cm™ and 1225 cm™ pop up in line
with those seen on pure MgO upon H; adsorption and which were related to cooperative
adsorption of stable and less stable bonding.?® In parallel, bands specific to Zno,;sMgogsO are
recorded at 3745 cm™, 3610 cm™,1780 cm™, 1680 cm™ and 1510 cm™ (see also Figure S2 for the
three latter) since the very beginning of the exposure to hydrogen. Their intensity regularly
increases up to Py, = 100 mbar. The high values of the hydride frequencies (1510-1780 cm™)
indicate the involvement of Zn®* ions, since the highest frequencies that we measured for MgH
bands are at ~1400 cm™.° Finally, at Py, > 1 mbar (region C) FTIR reveals two prominent and
sharp peaks at 3460 and 1325 cm™ whose intensity promptly increases with the hydrogen
pressure, as well as two bands of weak intensity at 1425 and ~1370 cm™. In pure MgO, this set
of bands is referred to as reversible chemisorption complex Il involving adsorption on Oy4¢ and
Mgsc sites.?® They are accompanied by IR features of more modest intensity at 3586 cm™, 1030
cm™ and 890 cm™ as well as by an additional increase of the shoulder at 3699 cm™ (Figure 3)

which were attributed to cooperative H, adsorption.”
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Figure 3: FTIR spectra of Zng 0sMgo 050 exposed to P, = 10™ — 100 mbar. The spectrum

obtained on pure MgO at Py, =100 mbar (dotted green) is added for the sake of comparison

Interestingly, the intensities of some bands observed at the highest Py, (100 mbar) show different
trends in the two oxides. In the spectra of H/ZnMgO (Figure 3) the contributions associated to
the chemisorption complex 11 (3460 and 1325 cm™) are of much smaller relative intensity with

respect to those related to the chemisorption complex | (3712 and 1140 cm™) than in H/MgO



spectra (green curve, Figure 3). In other words, the inclusion of Zn seems to depress the
reversible chemisorption complex I1. To probe the stability of moieties formed by hydrogen
adsorption on Zng 0sMgo.ssO and MgO, FTIR spectra are recorded after H, desorption (P, = 107
mbar) and compared to those obtained at Py, = 100 mbar (Figure 4 a and b). Concerning the
species formed below 10 mbar similar trends are observed in spectra of both oxides after H,
removal. The intensities of the bands at 3712, 1140 and 863 cm™ are little affected, in line with
their attribution to the most stable surface configurations (Osc/Mgic). As expected, the bands at
3605-3610 and 1225 cm™ vanish since they are associated with the weak part of the cooperative
adsorption responsible for the intensity increase of the Chemisorption complex | at Py, up to 1
mbar.?® The bands at 3462, 1425, 1367 and 1325 cm™, that are related to the reversible
chemisorption complex Il (formed at Py, > 1 mbar) also disappear, except for faint residues at
1425 and around 1367 cm™ particularly observable in case of Zng0sMgo.esO. Bands at 3586 and
880 cm™ are cancelled. Conversely, the bands at 3699 cm™ and the band at 1030 cm™ — that
appear in the same pressure range and are attributed to cooperative adsorption — are stable in
vacuum.? In spectrum of Zng,0sMgoesO (Figure 4a, grey curve), specific OH vibrations persist in
the range 3640-3560 cm™ along with the evolution of a new broad and unstructured band at v <
3600 cm™. The shoulder at 3745 cm™ — detected only in Hp-spectrum of Zng ¢sMgo.os0O (Figure
4a, blue curve) — reveals an intensity increase upon Hj-desorption while the hydride bands

(1780-1510 cm™) remain unchanged.
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3.3. Simulations related to segregated Zn

The differences in UV-Vis spectra (Figure 2) and in H; adsorption (Figures 3 and 4) can be
rationalized on the basis of the computed trends for the Mg®* > Zn?**substitution at MgO
surface.** At thermodynamic equilibrium, the replacement of Mg®* by Zn®* occurs preferentially
at the under-coordinated surface defects following the sequence 3C - 4C - 5C sites, from the
most to the less likely in the order. This is based on the segregation enthalpy which, among
various surface configurations, is the most negative for the three-coordinated sites.®* In the same
study we showed that the Zn?* site occupancy can be computed for the ensembles of cubic
particles as a function of particle temperature and size. Assuming perfect cubic shapes and a 3.5
nm average particle size as determined for Zng ¢sMgo.950O nanopowders, 88% of the total amount
of Mg-3C sites (corners), ~ 50% of Mg-4C sites (step edges) and only 8% of Mg-5C sites are
substituted by Zn on flat MgO (100) terraces. The replacement of bulk Mg?* (6C) is below 1%
and can be safely neglected. Such a substantial substitution of surface sites with the lowest
coordination number changes therefore the chemical reactivity of the mixed nanopowders with

respect to pure MgO ones.

Before presenting the results of the simulations for H, on Zn,Mg;.xO model surfaces, we remind
the main trends that we found on pure MgO.? The principal computed adsorption characteristics
(bond length, enthalpy, stretching frequencies) are strongly correlated to the site coordination
number NC: for Onc-H, the lower NC, the higher the adsorption enthalpy and the stronger (and
shorter) the bond; conversely, anionic H™ prefers to bind to several Mg®*, in sites with low
electrostatic (Madelung) potential. By combining the two trends, the two most stable complexes
resulting from H; splitting are Osc-H and H-Mgc. In sharp contrast, on Zny,Mg;.xO nanocrystals,

anionic H™ preferentially binds to low-coordinated Zn sites of which it is a specific probe, in a
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similar way as cationic H* on Osc. This inversion is ultimately due to the much higher hydrogen
affinity for Zn than Mg. H, splitting is favored at Zn-O sites over Mg-O sites, whenever the
former ones are available. H adsorption trends on Zn,Mg;.xO nanocrystals are therefore even
simpler than on pure MgO: firstly, driven by coordination numbers, H; splitting preferentially

occurs close to corners (3C) and step edges (4C) that are rich in Zn.

Simulations revealed that the three configurations shown in Table 1 were representative of all
moieties formed by adsorption of H, on Zn atoms segregated at the surface of Zn,Mg;.xO
nanocrystals. In any case, inverse corners on ZnyMg;.xO nanocrystals are much less stable than
split (H", H") at low-coordinated (3C, 4C) Zn-O sites. Computation also took in account the
surface conformation (mono-atomic versus diatomic steps) and surrounding defect density (the
presence or the absence of other Zn substituting Mg), which can bias the adsorption enthalpy, the
bond lengths and thus the stretching frequencies only to a slight amount. Last but not least, as on
pure MgO,” the formation of a weak electrostatic bond between cationic H* and anionic H" that
are adsorbed at neighboring sites stabilizes the O-H, H-Zn complexes and dilates the
corresponding bonds, lowering the stretching frequencies by 1-2% at most. We found the same
trend also in the case of hydrogen splitting on pure MgO nanocrystals.?® For the configurations
shown in Table 1, the rather high frequency computed at 3745 cm™ corresponds to Osc-H
corners that are not first neighbors with Znsc. Those sites could be present on highly defective
ZnyMg1.xO nanocrystals, where steps, either mono- or poly-atomic, are likely not fully straight.
Furthermore, we can see that the spectral signatures of the FTIR spectra around 1700 cm™ and
those around 1800 cm™ come from Znsc. The computed H-Zn stretching frequencies in Zn,Mg;.
O found in the 1500-1895 cm™ frequency range can unambiguously account for the FTIR bands

experimentally observed at 1510-1780 cm™. In particular, the H-Zn signal at 1680 cm™ appears
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at rather low hydrogen pressures and corresponds to anionic H™ adsorbed on Zn cations that

replace Mg at corners (Table 1). We interpret those at lower frequencies, around 1500 cm™, as

coming from H™ bound to Zn on step edges (Table 1).

Table 1. Calculated frequencies (%), bond lengths (d) and adsorption enthalpy (AH) for the most

representative defect sites involving segregated Zn atoms (see text).

Type of defect Model Complex V on (cm?) don(A) V 201 dz4(A) | Adsorption
(em™) enthalpy
(eV/H,)

A: Monoatomic (and

diatomic) step. H+, H- 3744 0.971 1770 1.556 -1.067

adsorption sites at Og¢, Znsc (3741) (0.972) (1767) | (1.556) (-1.546)

B: : Monoatomic (and

diatomic) step. H+, H- _ 3654 0.976 1854 1.541 -1.169

adsorption sites at O,¢, Znsc (3695) (0.974) (1895) | (1.528) (-1.113)

C: (510) surface with a double ?—.—F

di-vacancy at the step. H+, H- ® N 3630 0.977 1500 1.615 -0.759

adsorption sites at Oy, Znyc @« ‘

@0 OMg** @Zn%t H* H = Crystal

The computed adsorption enthalpy for a single H, molecule is in the (-1.1 -0.8) eV/H, range for

3C (corners) and 4C (step edge) sites. This is a lower value than what we found for most defects

on pure MgO nanocrystals and corresponds to the formation of irreversible complexes (Table 1).

The simulations indicate that inverse corners on Zn,Mg;xO nanocrystals are much less stable

than (H", H") splitting at low-coordinated (3C, 4C) Zn-O sites (Supplementary Info of Ref.31).

Therefore, H is a specific probe for low-coordinated Zn surface sites, which have a very high

affinity for anionic hydrogen. H; splitting is favored at Zn-O sites over Mg-O sites, whenever the

former ones are available.
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Finally, as for H,O*' and H, at MgO (100)*’, we find an inverse correlation between bond
lengths and site coordination number. The computed OH bond lengths range between 0.971 and
0.975 A for Osc sites (corners) and between 0.976 and 0.986, with a peculiarity at 0.994 A for
Oyc-H at straight diatomic step edges. The Zn-H bond lengths range between 1.54 A and 1.56 A
for Znjc sites at corners, and between 1.56 and 1.61 A for Znyc sites at step edges. As a general
trend, the lower the coordination number of the O* anion (Zn** cation) to which hydrogen binds,
the shorter and stronger the bond is.**** The robust correlation between adsorption enthalpy,
bond strength and stretching frequencies is confirmed in the case of ternary Zn,Mg; O
nanopowders, which thus make no exception to the general rule. Shown in Figure 5, the inverse
linear regression between the O-H (H-Zn) bond lengths and the O-H (H-Zn) stretching
frequencies is a guideline to identify, at the atomic scale, the surface configurations which are at

the origin of the measured frequencies.
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Figure 5: OH stretching frequencies on ZnMg;O: correlation between computed (a) O* -H*
rescaled frequencies and O-H* bond lengths and (b) H™-Zn** frequencies and H™-Zn** bond

lengths.
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4. Discussion

The experimental spectra show that already at low Zn concentration (< 5. at %) the substitution
of Mg?* by Zn** results in significantly altered optical properties (Figure 2) and surface
chemistry (Figure 3). In pure MgO the electronic transitions involve O4c and Osc surface sites
that can be detected at 230 nm and 280 nm, respectively.**“° In the DR UV-Vis spectrum of the
Zno 05sMgo.950 powder (Figure 2), a red shift of all MgO specific absorption bands is observed
along with an additional optical absorption at high energies (A>290 nm). Those trends are
consistent with the optical absorption of pure ZnO which is red-shifted with respect to that of
MgO. The fact that 88% of the total amount of Mg-3C sites (corners), ~ 50% of Mg-4C sites
(step edges) and only 8% of Mg-5C sites are substituted by Zn (as shown in Section 3.3) leads to
Zn**-O% pairs that serve as an alternative channel for the optical excitations. The similarity and
differences between Zng psMgo.9s0 and the pure MgO surfaces offer an opportunity to check the
validity of the models that we employed to rationalize the hydrogen adsorption on both surfaces.
Therefore, all observed vibrational frequencies involved in FTIR spectra recorded on
Zno.05M(o.050 upon Py, increase (Figure 3) are gathered in Table 2 together with the
corresponding calculated configurations. In this Table from left to right the MgO-like sites are
displayed in three regions A, B and C, defined as a function of the hydrogen pressure. ZnO sites
are displayed in the right part of the Table 2. The corresponding frequencies are given for both,

experimental (bold characters) and theoretical values (in brackets).

A principal observation is that the MgO-related frequencies previously observed on pure MgO

nanoparticles are reproduced on Zng 0sMgo.950. These are dominated by three types of von/vmgr
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pairs whose intensity and reversibility vary with Py,.° H; splitting at O corners (Osc) and Mg
inverse corners (Mgc) gives rise to the most stable complex (Chemisorption complex 1,
presented in Table 2 in region A) that are accordingly populated at the lowest Py, applied
(Region A, Py, < 107° mbar). The corresponding stretching frequencies for OscH are
experimentally observed at 3712/3699 cm™ and calculated at 3750/3740 cm™.?° Regarding the
Mgc-H, the experimental IR spectra consists in principle of three main bands®’: the two most
dominant at 1140 and 850 cm-1 and a weak one observed between these two frequencies.
Indeed, the five different models that were previously calculated to represent H-Mgc sites (Table
1 in Ref. 29) involve frequencies that systematically belong to two groups 1145-1095 cm™ / 965-
850 cm™ whereas only one intermediate line predicted at 1020 cm™. This appears quite
representative of the experiment in which the broad intense bands at 1140 and 850 cm™ clearly
result from several contributions. Then, the features of low intensity and of variable position
which are observed between these two lines as a function of the pressure can be related to the
calculated frequency of 1020 cm™. The intensity of the Osc/Mgic bands constantly grows with
Py along with the appearance of new bands at 3610/1225 cm™'. The latter could be detected in
the intermediate range of hydrogen pressures (Region B, Py, =107°—1 mbar) and stem from
cooperative adsorption, which involves more than one H, ad-molecule at a time and allows for
kinetically hindered, non-vicinal sites to be populated (presented in Table 2).2° At high pressures
(PH2 > 1 mbar, region C) fully reversible adsorption occurs at neighboring Oyc (either on mono-

or diatomic steps) and Mgsc sites giving rise to the IR bands at 3460 and 1325 cm™'

, respectively
(Chemisorption complex 2 presented in Table 2 in region C). In the same Py, range, we also
observed an increase in intensity of the band at 3699 cm™ and bands at 3586, 1030 and 888 cm™.

These are attributed to a cooperative adsorption schematically represented by configuration D in
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Table 1 of Ref. 29. In vacuum, the band associated to the reversible chemisorption complex Il
(3460 and 1325 cm™) vanish as well as those related to the weakly bonded moieties involved in

cooperative adsorption (3610 and 1225 cm™, 3586 and 880 cm™).

The segregation of Zn at the MgO surface produces modifications of the hydrogen adsorption on
the MgO sites which can be detected, as we will see, thanks to the preferential occupation of the

low coordination Mg sites. It also leads to specific sites which we will consider next.
4.1. Preferential replacement of the low coordination Mg sites by Zn

Complex I and complex Il require inverse corner sites (Mg,c) and corner sites (Mg3C). On
ZNn0.0sMgo.050, the simulation predicts the replacement of 88% of Mgac by Zn**, 50% of Mgac
and 8% of Mgsc by Zn?* (Section 3.3). Thus, on Zno0sMgo.ssO, the density of Mg3C and of
MgIC is expected to reach 12% and 23% of what it is on pure MgO. This corresponds to a
reduction by 50% of the bands related to the complex 11 (O4cH/MgscH, 3460/1325 cm™) with
respect to those of complex | (OscH/MgicH, bands at 3712/1140 cm™, Figure 3). However, the
experimental reduction determined by band fitting is 70%. This value is meaningful since the
area ratios observed for complex I and 1l on pure MgO (11140/13712 = 7.54 and 11325/13460 =
7.14) and on Zng 0sMgo.9s0 (11140/13712 = 7.40 and 11325/13460 = 6.14) only marginally differ.
A suggestion to explain a reduction higher than expected might be a smaller segregation of Zn on
sites close to inverse corners due to higher coordination number (more second neighbors) than on
a common Mgyc edge site. Nevertheless, the observation qualitatively supports the theoretical

prediction of a Zn replacement of the low-coordinated Mg sites on the ZnMgO surface.

20



Finally, the consistency of the hierarchy of the predicted decrease in density of the Mg sites
(Mgsc more decreased than Mgc) with the relative decrease of complex Il with respect to

complex | validates the models previously established for those complexes (Table 2).%

4.2. H adsorption related to segregated Zn

As above mentioned, the main frequencies determined on Zng0sMgo.950 upon H; exposure
(3712, 3460, 1325, 1140 and 863 cm™) reproduce to within the unit of wave number those
observed on pure MgO. As a result of Zn segregation, the second neighbors of hydrogen atoms
involved in those configurations are statistically often Zn atoms. Therefore, we can retain as a
guideline that the very local effect of segregated Zn is likely limited to its first oxygen

neighbors.**%’

The shoulder at 3745 cm™ (Znsc/Osc vs. Mgic/Osc)

An effect of non-uniform local Zn density may take place. This is for instance the case of the
low-intensity signal at 3745 cm™ which is observed only in the spectrum of Zng,esMgogsO. This
signal can be tracked in form of a shoulder (of the main peak at 3710 cm™) even at relatively low
H, pressures, with intensity increasing steadily until the highest Py, of 100 mbar. As its intensity
is always quite small compared to the main peak, the corresponding configurations should be
marginal and occur quite seldom in Zng0sMgo.950. The OH frequencies of the calculated surface
structures with O3cH/Zn3cH at mono- and di-atomic steps (Table 1, configuration A) are
consistent with the experimentally observed values at 3745 cm™. The proposed structures

contain, moreover, the Znsc sites, shown above to take the major contribution over Mgsc in
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Zno.0sMgo.050 powder. Their corresponding Zn-H frequencies, that were calculated at ~1770 cm’
! will be discussed below. As for the 3745 cm™ signal another interpretation, however, could
imply atomic structures in which the oxygen corner (O3c) is located in a Zn-rich environment,
with quite a large proportion of Znac first-neighbors. Indeed, O-Zn bonds are slightly longer than
O-Mg and whenever two or three Zn atoms are coordinated to this Osc (instead of three Mg-
atoms) the Osc-H bond is slightly shorter. Consequently, the frequencies of such O3c-H must be
higher (3745 cm™) than OscH in pure MgO (3712 cm™). Interestingly, we observed similar OH
stretching frequencies also in the IR spectrum of ZnO nanopowder (recorded upon water
adsorption, see Figure S3) that we synthesized via the very same technique as used in the present
work. Oxygen atoms located in a Zn-rich environment, such as in pure ZnO, result in higher OH-
stretching frequencies than those observed on pure MgO nanoparticles upon water adsorption
(3711 — 3727 cm™).** Overall, the number of the corresponding configurations is likely quite

small and, hence, results in a low IR intensity.

Finally, the desorption of H, from the Zng ¢sMgo.9s0 surface reveals features that were not
observed at the surface of pure MgO (Figure 4). The chemisorption complex I1 is not fully
reversibly (1325 cm™) and there is also a broad feature around 3550 cm™. Moreover, an intensity
enhancement of the band at 3745 cm™ is observable. As obvious, at the Zn,;sMgo gsO surface
there is likely a kind of Zn-induced surface reorganization upon H; adsorption/ desorption

cycles.
New bands in the ZnH range (1780-1510 cm™)

Three main ZnH bands can be distinguished in the experimental spectrum of Zng0sMgo.¢50:

~1780 cm™, ~1680 cm™ and ~1510 cm™ (Figure S2). We recall that the intensity is proportional
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to the dynamic dipole that is larger in Mg-H than in Zn-H. Therefore, the intensity of a single
Zn-H stretching mode remains lower than that of its Mg-H counterpart. Relying on the DFT, Zn-
H frequencies calculated for the structures that include O4c/Znsc pairs (B, Table 1) are around
~1850 cm™ and fairly account for the experimentally observed ones in the highest frequency part
of the Zn-H range (~1780 cm™). Furthermore, the configuration A (Table 1) may explain the
second series of Zn-H bands experimentally seen at ~1680 cm™. Finally, ZnscH in structure C
was calculated to vibrate at 1500 cm™, that is in a perfect match with the lowest Zn-H frequency
experimentally observed (~1510 cm™). The OH-counterpart of the structure C, that was not
discussed above, yields vou = 3630 cm™ and can be representative of the experimentally
observed value at ~3610 cm™. Despite slightly stronger intensity than in pure MgO, this
experimental band is not clearly observable but rather masked by other frequencies in this region
— previously shown to be specific of hybrid structures contributing in cooperative adsorption in
pure MgO (~3600 cm™). The same is true for the OH counterpart of the structure B (voacn, Table
1) calculated at 3654 and 3695 cm™ for the mono- and diatomic steps, respectively. In the
experimental spectrum of Zng 0sMgo 950, the frequencies at these OH values are not observable
as clearly isolated and new IR bands. We assume that they instead rather appear in form of parts
of the already existing MgO-specific bands: the one at 3610 cm™ (assigned in MgO to OucH of

hybrid structures) and the one at 3700 cm™ (OscH of the Chemisorption complex | in MgO).
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Table 2. Assignment of FTIR frequencies observed in Figure 3: from left to right, the MgO-like

sites displayed within three columns corresponding to regions A, B and C and the ZnO sites on

the left. Stretching O-H and metal-H frequencies, presented in bold characters from high to low,

are associated to their sites, Osc (light red), O4c (dark red), Znsc (light blue), Znyc (dark blue),
Mgsc and Mg-H-Mg (dark green) and Mgc (light green). Theoretical values are shown in
brackets. Main schematic representations of the sites are shown at the bottom (Chemisorption
complex | in region A, cooperative adsorption in region B in which the release of weakly

adsorbed hydrogen is featured, Chemisorption complex Il in region C and ZnO structures).

IR frequencies (cm!): H, adsorption on Zn, osMg ¢sO surface

MgO-like sites ZnO sites
Region A: Region B: Region C: Adsorption on
Irreversible complex I | Cooperative adsorption Reversible complex 11 segregated Zn
+ Coop. ads.
> 10~ mbar > 10~ mbar 1-100 mbar 107 - 1073
mbar
O;-H 3745 (3744)
3712 (3740-3750) => strengthens
3699 (3710) 3699 strengthens
3610 (3630-
3654)
0,-H 3605 (3545)
3586
3460 (3480-3508)
Compl. II weakens /pure MgO
1680-1780
g (1770-1854)
Zn,-H 1510 (1500)
1325 (1390-1410)
Mgt Compl. IT weakens /pure MgO
Mg,-H 1225 (1230)
Mg -H
1140 (1095-1145) => strengthens
1030 (1095-1105)
Mg;-H 950-980 (1020)
888
860 (850-965) > strengthens
Hy & &
0;c-H : Ot ZnyH
%g %f Mgsc-H
&Mg‘ -H - e el ome
%8,
@ Mg @ 1In ® O o H
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5. Conclusion

The adsorption of hydrogen at increasing pressure (10> to 100 mbar) on Zng 0sMgo 050
nanopowders has been studied by FTIR with the support of ab initio calculations. The ternary
oxide keeps the cubic rock salt structure in which some Mg cations are substituted by Zn.
Despite the low Zn content of the compound, Zn is shown to segregate preferentially at low-
coordinated surface sites (88% of the Mgsc corners and 50% of the Mgac step edge cations are

replaced by Znsc and Znac, respectively) and:

- The dissociative adsorption of hydrogen give rise to the same chemisorption complexes |
(irreversible) and 11 (reversible) as on pure MgO nanopowders, as well as to similar cooperative
adsorptions (which are, indeed, responsible for the intensity boost of the irreversible adsorption).
- The configurations that were previously modeled on pure MgO for complex I and Il are
confirmed by the analysis of the changes in relative intensity of the bands related to those

complexes.

New bands are associated to Zn surface atoms. Their frequencies are fairly modeled by DFT.
Specific of pure MgO, the Mg-H and H-O stretching frequencies were reproduced on

Zng 0sMgo 95O within the unit of wave number, the effect of segregated Zn is very localized to its
first oxygen neighbors. This study shows that the MgO specific surface reactivity remains highly
preserved in Zno osMgo.95s0O nanopowder despite the substantial substitution of Mg-surface sites

by Zn.
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