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Introduction

Phase evolution, speciation and solubility limit of
aluminium doping in zinc oxide catalyst supports
synthesized via co-precipitated hydrozincite
precursors+t

2P Jan Konrad Wied, 1€ Sebastian Mangelsen, 9 °

*< and

Benjamin Mockenhaupt,
Ulrich Schiirmann,? Lorenz Kienle,® J6rn Schmedt auf der Ginne
Malte Behrens (2 *ab

The preparation of Al-doped ZnO via thermal decomposition of crystalline precursors, with a particular
emphasis on kinetic effects on the solubility limits, was studied. The promoting effect of A" on the cata-
lyst system is discussed for methanol synthesis where ZnO:Al is employed as a support material for
copper nanoparticles. The synthesis of the Al-doped zinc oxides in this study was inspired by the industrial
synthesis of the methanol synthesis catalyst via a co-precipitated crystalline precursor, here: hydrozincite
Zns(OH)g(CO3),. To determine the aluminium speciation and the solubility limit of the aluminium cation
on zinc positions, a series of zinc oxides with varying aluminium contents was synthesized by calcination
of the precursors. Short precipitate ageing time, low ageing temperature and aluminium contents below
3 mol% metal were advantageous to suppress crystalline side-phases in the precursor, which caused an
aluminium segregation and non-uniform aluminium distribution in the solid. Even if zinc oxide was the
only crystalline phase, TEM revealed such segregation in samples calcined at 320 °C. Only at very low alu-
minium contents, the dopant was found preferably on the zinc sites of the zinc oxide structure based on
the Aly, signal dominating the 27Al NMR spectra. The solubility limit regarding this species was determined
to be approximately x5 = 0.013 or 1.3% of all metal cations. Annealing experiments showed that alu-
minium was kinetically trapped on the Aly, site and segregated into ZnALLO,4 upon further heating. This
shows that lower calcination temperatures such as applied in catalyst synthesis conserve a higher alu-
minium doping concentration on that specific site than is expected thermodynamically.

minium in the zinc oxide lattice introduces one extra electron,
which results in a promoted n-type semiconductor.®

Zinc oxide is a typical semiconductor material with a wide
direct band gap around 3.3 eV."™* Severalstudies addressed the
band gap engineering to improve the optical or electronic
properties.>® Incorporation of a trivalent cation like alu-
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Hence, the electronic conductivity of such a doped zinc
oxide increases by the increased Fermi level and the facilitated
excitation of the additional electron to the conducting band,
which should be associated with a lowered band gap
energy.” '® Such improvement of the electronic properties of
zinc oxide is not only of interest in the field of semiconductor
applications, but also in the field of catalysis.

Typically, a copper/zinc oxide catalyst contains around 10%
aluminium oxide for industrial methanol synthesis from CO,/
H, mixtures (synthesis gas). It has been demonstrated that alu-
minium promotes the catalytic activity by improving and stabi-
lizing the nano-structuring of the catalyst (structural promoter)
as well as the strong metal-support interactions between zinc
oxide and the copper nanoparticles (electronic promoter).
Small amounts of this trivalent cation also increase catalyst
lifetime and reduce copper sintering."*** The doping effect of
bivalent (Mg>") and trivalent cations (AI**, Ga**) in zinc oxide
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supports on the activity in methanol synthesis was further
investigated,'* and it was found that a lower band gap energy
of the doped zinc oxide is correlated with a higher catalytic
activity after impregnating it with copper. Such a lowered band
gap was discussed as a result of aluminium incorporation
similar to semiconductor research. Contrarily, a bivalent
cation does not lower the band gap nor improve the catalytic
activity significantly."* This finding is in line with studies,
which found a correlation in conductivity increase by trivalent
cationic-doped zinc oxides and a decrease for cationic dopants
of lower valency.">'® These results led to the hypothesis that
beside the structural impact also electronic properties affect
the catalysis in a positive way, which can be introduced by the
incorporation of the AI*" cation and could be related to the
reducibility of doped zinc oxide under the hydrogenation con-
ditions in methanol synthesis."*

In both fields, semiconductors and catalysis, the efficiency
of the promoting effect depends on the maximum incorpor-
ation of aluminium ions in zinc oxide and on their lattice site
substituting zinc ions (Al}, ) in the zinc oxide lattice."” Contrarily,
a segregated aluminium oxide side-phase in a doped zinc oxide
sample could suppress the electronic promotion by its insulating
properties.’®'® Thus, the determination of the maximum substi-
tution limit of aluminium atoms in the zinc oxide lattice is of
high importance. This can be a quite difficult task because of
various side phases which can be formed. The solubility limit
depends on the synthesis route and was estimated to be between
0.1 at% and 5.2 at% aluminium in zinc oxide."®>* The determi-
nation of the substitution was performed with several techniques,
like optical measurements,'® the reduction of dichromate,*® scan-
ning electron microscopy with energy dispersive X-ray spec-
troscopy (SEM-EDX) analysis,”’ Raman-spectroscopy,>* resistivity
measurements™ and *’Al solid state nuclear magnetic resonance
(NMR) spectroscopy.>* With the help of >’Al NMR different alu-
minium environments can be resolved and assigned to the
different coordination numbers of aluminium.**?® In this
regard, the >’Al NMR signal at 8, = 82.6 ppm could unambigu-
ously be assigned to aluminium on a zinc position in the ZnO
crystal structure Al ,*” and Knight shifted signal gave evidence of
the targeted n-doping leading to an electronic conductivity.>®

With that method, the solubility limit is determined in a
closer range of 0.3 at% to <2 at% aluminium in ZnO depend-
ing on the synthesis procedure and the synthesis
temperature.>***>° The inconsistencies with regard to the
solubility limit are subject of this contribution. The hypothesis
of a solubility limit is consistent with quantum-chemical
investigations that suggested a solubility limitation by the for-
mation of the spinel ZnAl,O,, which acts as “thermodynamic
sink” and inhibits formation of highly doped ZnO variants.*
This is in agreement with earlier experimental work, where for
a ZnO/Al,O; mixture at temperatures lower than 1250 °C a
solubility limit of <0.2% was suggested by X-ray diffraction.’
To the best of our knowledge, the solubility limit has not been
investigated to that level of details in the context of catalyst
synthesis with different occurring side-phases which impose a
thermodynamic limit as suggested by theory.*® Clearly, such
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an investigation requires an analytical technique which can
identify and quantify the different chemical environments of
the Al atoms and a low-temperature synthesis approach to
stabilize high Al substitution levels.

In the field of catalysis, the calcination temperatures are typi-
cally lower than the annealing temperatures of semiconductors.
At lower temperatures such as 300-400 °C the Al, NMR signal
was observed to have a high intensity.>**® Furthermore it was
found that the metallic character of ZnO:Al depends on the atmo-
sphere, i.e. a reductive atmosphere may increase the metallicity of
ZnO:Al as indicated from the formation of a Knight shifted >’Al
NMR signal.”’?** For methanol synthesis, which inspired this
work, the zinc oxide catalyst support is calcined in an oxidative
atmosphere at a comparable temperature around 350 °C.* 1t is
the goal of this work to investigate the solubility limit of Al-doped
zinc oxide for materials that represent the catalyst support
formed by this method.

To determine the maximum amount of aluminium substi-
tuted zinc sites, a series of zinc oxides with varying aluminium
content was synthesized using co-precipitation of crystalline
hydroxycarbonate precursors, which is the established method
for synthesizing Cu/ZnO:Al catalysts. In this case, the copper com-
ponent was omitted to focus on the support.** This has the
advantage that the aluminium and zinc components are well dis-
tributed. In addition, no organic molecules are involved, which
could interfere optical measurements. However, this procedure
opens another question, namely that of the substitution chem-
istry in the hydroxy-carbonate precursor. The aluminium doping
of a specific precursor phase, like the hydrozincite phase used
here, should facilitate the formation of doped oxides upon
thermal decomposition of the precursor and increase the inter-
dispersion of both elements after calcination. Within our study,
the question towards maximum substitution limit of AI** ions on
the zinc sites in the hydrozincite precursor phase as well as in the
zinc oxide structure will be addressed. We further aim at studying
the aluminium dopant also under hydrogenation conditions that
are relevant for methanol synthesis in forthcoming work. Finally,
copper can be deposited on these supports with the aim to relate
the catalytic properties to detailed knowledge of the aluminium
species and amount. Here, we report on the as-prepared state of
the catalyst support.

Experimental section
Sample labelling

The samples are labelled according to their nominal alu-
minium content relative to the total amount of metal atoms,
i.e. the cation-based molar aluminium fraction x,; calculated
as shown in eqn (1).

i (1)

XAl =
nal + Nzn

Here, n; is the molar amount of element i (i = Zn, Al).

Nominal values refer to the amount utilized during synthesis,
which was found to match satisfactorily to the experimental

This journal is © The Royal Society of Chemistry 2023
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values determined by ICP optical emission spectroscopy as dis-
cussed below in detail.

Precursor synthesis

The hydrozincite precursor was synthesized by co-precipitation
with small amount of aluminium. The precipitation was
carried out in a 1L automated stirred tank reactor
(OptiMax1001, Mettler Toledo) using 1 M metal salt nitrate
solutions at a temperature of 65 °C and at a constant pH of
6.5. Appropriate ratios of zinc and aluminium nitrate, with a
purity >98% (ESI, Table S17), were chosen to reach nominal
compositions ranging from 0 to 10% Al (0 < x,; £ 0.1). As pre-
cipitating agent, 1.6 M sodium carbonate solution was co-fed
into the reactor. The dosing rate of metal salt solution was
adjusted to 4.2 g min~'. After precipitation, approximately
300 mL of precipitate slurry was obtained and aged for
10 minutes without further pH control in the mother liquor.
The precursor was washed with deionized water 10 times to
reach a conductivity of the filtrate lower than 100 puS cm™" and
was subsequently dried at 80 °C for minimum 14 h. This syn-
thetic procedure corresponds to the industrial preparation of
the Cu/ZnO:Al catalyst for methanol synthesis®® with omit-
tance of copper salts in the co-precipitation.

For a time-resolved ageing experiment, a synthesis as
described above was carried out with aluminium content of
2% (xa1 = 0.02). After the finish of co-precipitation, the first
sample (¢ = 0 min) was taken out of the reactor before precipi-
tate ageing. At ageing times of 10 min, 30 min, 60 min and
120 min, additional samples were collected. The total amount
of the slurry removed was around 30 ml. After 120 min, the
remaining suspension was aged for additional 12 hours in a
Teflon-lined steel autoclave (275 ml) under solvothermal con-
ditions at 130 °C. The Teflon-lined steel autoclave was
maximum filled by 2/3 of its total volume. The samples were
centrifuged and three times washed with deionized water to
get rid of excess ions, and afterwards dried at 80 °C for
minimum 14 h.

A brief description of the hydrozincite crystal structure is
provided as ESI and visualized in Fig. S1.}

Zinc oxide synthesis

The zinc oxide samples were synthesized by calcination of
ground hydrozincite precursor obtained from the above-
described co-precipitation synthesis. The calcination was per-
formed at 320 °C with a heating ramp of 2 °C min™" for 4 h in
a muffle furnace of Narbertherm (LE 6/11/B150) in static air
(without any volume flow). Such calcination temperature is
known from the synthesis of typical industrial methanol cata-
lysts.>® Further calcination experiments at higher temperatures
were performed under similar conditions except for varying
the target temperature.

Characterization methods

Powder X-ray diffraction (PXRD). X-ray analysis of the precur-
sor phases was performed on a Panalytical X'Pert Pro MPD
diffractometer in Bragg-Brentano geometry with Ni-filtered
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Cu-K, radiation, a fixed divergence slit (1/2°) and a PIXcel 1D
detector. The patterns were recorded at room temperature
between 4° and 90°26. Temperature resolved PXRD data was
recorded on the same instrument using an Anton Paar HTK
1200 N heating chamber. The sample was measured in static
air, the temperature was varied in the range of 35-350 °C with
increments of 20 °C up to 110 °C and 5 °C further to 350 °C.
The collection time for each pattern was around 30 min.

X-ray diffraction analysis of the time resolved ageing
samples and of the calcined samples was performed on a
Bruker D8 advance with Cu-K, radiation and a LYNXEYE XE-T
detector. The diffractograms were recorded in Bragg-Brentano
geometry at room temperature between 5° and 90°26. Phase
analysis was performed by comparing the recorded pattern
with structural data from ICSD and COD databases.

Pawley fits were carried out using TOPAS Academic version
6.0.>® Instrumental line broadening was described using the
fundamental parameter approach®” as implemented in TOPAS
and cross-checked against a measurement of LaB, (NIST SRM
660c).

Brunauer-Emmet-Teller (BET) analysis

The specific surface areas were measured by nitrogen physi-
sorption at 77 K in a Nova 3200e sorption station from
Quantachrome. Before recording the isotherms, the samples
were degassed under vacuum at 100 °C (hydrozincite) and
250 °C (zinc oxide) for 5 h. Afterwards the isothermal profiles
between p/p, = 0.0 and 1 referred to a reference cell were
recorded. The multipoint BET surface area was determined by
applying the Brunauer-Emmett-Teller equation to a specific
range of each sample, determined by the micropore assistant
of the NovaWwin software only considering the volume
increase.

Scanning electron microscopy (SEM)

The SEM micrographs of the zinc oxides of the high tempera-
ture series and of the hydrozincites and their corresponding
zinc oxides series of the time resolved ageing experiment were
taken on an Apreo S LoVac electron microscope of Thermo
Fisher Scientific. A suspension of around 1 mg sample in 2 ml
ethanol was used for drop casting of 200 pL on single crystal
silicon plates. Afterwards the sample holder was dried at 80 °C
on a hot plate. The images of the hydrozincite precursors of
the aluminium concentration series and their corresponding
zinc oxides were taken on a Zeiss Gemini Ultra Plus with an
Oxford EDX detector. A spatula tip of the sample was dispersed
on a carbon covered stainless steel pin mount sample holder.

Transmission electron microscopy (TEM)

TEM analyses were performed on a FEI Tecnai F30 G*> STwin
(300 kv, FEG) equipped with an EDX detector (Si/Li, EDAX).
The TEM samples were ground and dispersed in n-butanol
(spatula tip sample in few drops of n-butanol) and prepared on
Cu lacey TEM grids. The pure zaccagnaite reference sample
was prepared in a dry state without n-butanol.

Dalton Trans., 2023, 52, 5321-5335 | 5323
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Infrared resonance spectroscopy (IR)

Infrared spectroscopic characterization was performed on a
Bruker Alpha FT-IR spectrometer with attenuate total reflec-
tion (ATR) unit. The spectra were recorded between 400 cm ™
and 4000 cm ™. To suppress water and CO, signals from the
atmosphere, the device was placed in a glovebox of MBraun
with argon atmosphere.

UV/Vis-spectroscopy

The UV/Vis spectra at <88 K were measured at a Varian Cary
5000 spectrometer. The sample was diluted with KBr and the
pellet was adjusted in a solid sample holder. After flushing
with nitrogen, the room temperature (25 °C) spectrum was
recorded under vacuum. The 88 K (—185 °C) spectrum was
recorded after cooling down with liquid nitrogen. When the
sample was heated up to room temperature (27 °C) the spec-
trum was recorded to determine sample changes. The band
gap determination was performed by differentiation of the raw
data, to determine the changing point. At this point, where the
first derivative shows a minimum, the wavelength was calcu-
lated to the electrical energy in eV. This method was used only
to determine qualitatively the band gap energy change by UV/
Vis spectroscopy in dependency of the
incorporation.

aluminium

Raman-spectroscopy

Raman spectroscopy of the powders was performed in a
powder sample holder positioned in 45° to the laser beam in a
MacroRam spectrometer of Horiba Scientific. A 785 nm laser
with an intensity of 90 mW was used. The Raman shifts were
recorded in the range of 100 cm™" to 3500 cm ™.

Solid state NMR-spectroscopy

All Al solid-state NMR experiments were performed on the
Bruker Avance Neo NMR spectrometer with a magnetic field of
14.1 T using a commercial Bruker MAS probe head with a non-
Al-stabilized zirconia ceramic rotor with 3.2 mm outer dia-
meter at a frequency of 156.375 MHz. The chemical shift of
*7Al is reported relative to a 1.1 mol kg™ solution of Al(NO3);
in D,O on a deshielding scale.’®*® The referencing was done
by using 1% TMS in CDCl; as external secondary reference for
the 'H resonance frequency using the E scale as suggested by
the TUPAC. All >’Al MAS NMR measurements were performed
using 20 kHz spinning frequency and continuous wave 'H
decoupling. For quantitative >’A1 MAS NMR measurements the
resonance frequency was selected according to the *’Al MAS
NMR signal at d;, = 82.6 ppm and the nutation frequency was
adjusted for the excitation of solely the central transition. The
NMR data were processed with the topspin4.1.4 software.
Typical recycle delays were of the order of 30 s (>3T;) and a few
thousand scans were accumulated. The peak areas were deter-
mined by deconvolution into mixed Gaussian/Lorentzian
profile functions with the program deconv2Dxy.*°
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Results and discussion
Characterization of the Al doped hydrozincite precursors

Time-resolved ageing of the precipitate in the mother liquor
at 65 °C. Before the composition variation series of aluminium
doped hydrozincites was synthesized, the influence of the
ageing time on the precursor phase was investigated.
Therefore, an aluminium content of 2% metal based (x, =
0.02) was used. The PXRD pattern of the different ageing times
are shown in Fig. 1. Immediately after finishing the co-precipi-
tation, the hydrozincite phase was formed. This phase was
present up to 120 minutes of ageing time and there were no
significant changes of the PXRD pattern observed. After an
additional solvothermal treatment of the 120 minutes aged
precursor suspension, additional reflections are observed in
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Fig. 1 PXRD data of a co-precipitated zinc—aluminium precursor with
an aluminium content of x5 = 0.02 at different ageing times. The ageing
was performed between 0 min (immediately after co-precipitation) and
120 min. The remaining suspension was aged for additional 12 hours at
130 °C in a solvothermal reactor (120 min + solvothermal). The grey bars
correspond to the zaccagnaite (ICSD#190041) and the black bars to
hydrozincite (ICSD#16583) references. (a) is an overview, while (b)
shows a more detailed zoom for better identification of the side-phase
zaccagnaite, whose reflections are marked with stars. In (b) the patterns
are sorted likewise as in (a).

This journal is © The Royal Society of Chemistry 2023
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the PXRD pattern. These reflections are visible at 26 = 11.8°
and 26 = 23.6° and were assigned to an aluminium-containing
hydrotalcite-like phase. This side phase is known as zaccag-
naite, with the chemical formula Zn,Al,(OH),,(CO;)-3H,0.*"*?
This result shows that the aluminium requires elevated temp-
eratures to segregate in this specific crystalline phase and
should be either amorphous or incorporated into the hydrozin-
cite phase in the samples obtained at ambient co-precipitation
and ageing. A small shoulder (compare Fig. 1b) at the lower-
angle side of the first reflection in the PXRD pattern of the
sample aged for 120 minutes may indicate that a few very
small crystallites of zaccagnaite have already formed after pro-
longed ageing at ambient conditions.

The morphology of the samples was investigated by SEM
and the micrographs of the samples obtained at different
ageing times are shown in Fig. 2. The morphology was similar
up to an ageing time of 30 minutes. Aggregated platelets were
intergrown to spheres and other larger aggregates, as they are
shown in the ESI (Fig. S4 and S11f%). After 60 minutes of
ageing, the platelet size seemed to decrease and additional
larger thin platelets are observed after 120 min of ageing.
These larger platelets have grown even thicker and show well
defined facets after the solvothermal treatment as shown in
Fig. 2. In combination with the temporal evolution of the crys-
talline phases known from the PXRD results, the immediately
formed aggregated spheres are assigned to the hydrozincite
phase and the larger platelets formed between 60 and 120 min
of ageing, which grow under solvothermal conditions to a
crystal habitus well-known for hydrotalcite-like materials,** are
assigned to zaccagnaite.

The investigation of the ageing time series at 2% alu-
minium demonstrated that aluminium will thermo-
dynamically favour an incorporation into the zaccagnaite
phase, which evolved after 120 minutes ageing time and
further grows by solvothermal treatment. This results in an
aluminium segregation and in an inhomogeneous aluminium
distribution in the solid. To suppress this untargeted phase
and to receive a more homogeneously doped hydrozincite, the
ageing time was set to 10 min for the aluminium concen-
tration variation series. With that shortened ageing time, a

Fig. 2 SEM images depicting the morphology of the precursor
materials recovered at different ageing times after co-precipitation at
65 °C and a pH of 6.4 of a zinc—aluminium solution with an aluminium
content of x, = 0.02.
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kinetically controlled aluminium incorporation into the hydro-
zincite phase should be favoured.

An increase in the BET surface area of the precursor after
120 minutes ageing time gives an additional indirect hint for a
homogeneous aluminium distribution at short ageing times
(Fig. S57). The surface area of the precursor samples aged up
to 60 minutes varied around 12 m* g”* and found to grow to
28 m? ¢! after solvothermal treatment despite the newly
grown phase clearly exhibiting larger particles. This might be
explained by the effect of the aluminium ex-solution on the
hydrozincite material leaving a more porous morphology.
More evidence for an incorporation of aluminium into this
phase is presented below for the aluminium concentration
series.

Aluminium concentration variation

To avoid side-phase formation, the ageing time was reduced to
10 minutes, to kinetically trap the aluminium ions in the
hydrozincite structure. The aluminium content was varied
between 0% (xa = 0) and 10% (x4 = 0.1) in different intervals
and the recovered precursors were analysed regarding crystal-
line phase composition by PXRD (Fig. 3, selected range and
Fig. S9t complete range). For all synthesized precursors, hydro-
zincite is determined as the main crystalline phase. An alu-
minium content higher than x,; = 0.02 resulted in small quan-
tities of the above-described aluminium-rich side phase zac-
cagnaite despite the low ageing time (Fig. 3b).

The weak reflections present as shoulders to the first hydrozin-
cite peak indicate that the zaccagnaite structure is present in low
concentration (marked with stars). Given that this reflection is
hardly discernible and broadened, i.e. on the level of detection, it
may account to ~1-2 wt%. However, the relative intensity of the
zaccagnaite reflections does not increase linearly with the alu-
minium content after their first appearance, which excludes a
simple aluminium saturation of the hydrozincite phase with all
excess aluminium being segregated into zaccagnaite.

The diffraction pattern of the hydrozincite shows noticeable
changes with increasing incorporation of Al: there are slight
shifts in the position of the reflections, which become notice-
able in particular at higher diffraction angles. The cell volume
of the samples was extracted via a Pawley fit and the results are
summarized in Fig. 4.

The cell shrinks by ~2 A® for the hydrozincite containing 10
at% Al compared to the unsubstituted compound, which can
be expected from the lower ionic radius of AI’** (54 pm) com-
pared to Zn>* (74 pm).*> For x,; = 0.1 the error becomes fairly
large, which is expected due to the overall broadening of the
reflections. This in turn hampers a precise determination of
the lattice parameters. The line broadening was modelled
assuming the effect to be caused by finite crystallite size,
which can be justified by the information from electron
microscopy. The crystallite size was found to be anisotropic,
not unexpected for a layered material.

Furthermore, reflections of type 700, 0k0 and 00/ are fairly
sharp, where the first one describes the stacking of the layers
while the latter two are related to the layer constitution. The

Dalton Trans., 2023, 52, 5321-5335 | 5325
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Fig. 3 PXRD pattern of the co-precipitated aluminium-doped hydro-
zincite precursors with different cation-based molar aluminium fractions
Xa. The reference pattern of the hydrozincite was taken from the ICSD
(#16583, black bars) as well as the reference pattern of zaccagnaite
(#190041, grey bars). (a) is an overview with indexation of the reflec-
tions, while (b) is a zoom at lower diffraction angles to better distinguish
the zaccagnaite side-phase (marked with stars). The triangle marks an
additional reflection discussed in the main text below.

cross plane reflections (e.g. 201, 301, 311) show stronger broad-
ening, i.e. there is a loss of coherence among the layers, which
is commonly observed for stacking faults in layered
materials*®*” and was described earlier for synthetic hydrozin-
cites.”® For an estimation of the crystallite size, the value for
the 700 reflections is reported, which varies with a similar
non-monotonous dependence on X, as the cell volume does.
Aside of the zaccagnaite side phase, there are two promi-
nent reflections located at 19.5 and 26.8°26 appearing with
increasing amount of AI’* in the sample. They could not be
assigned to any phase after extensive search in the COD and
ICSD databases. Interestingly, the one located at 19.5°26 has a
d-spacing in excellent agreement with the a parameter and
may be indexed as 300 reflection, which is forbidden in the
space group C2/m that hydrozincite crystallizes in. For the
second reflection, no such coincidence could be identified.
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Fig. 4 Cell volume and volume weighted average domain size esti-
mated from the h0O reflections of the hydrozincite samples versus
cation-based molar aluminium fraction xa,.

To further investigate the origin of these additional reflec-
tions, temperature resolved PXRD analysis of the sample with
the highest aluminium content (x5 = 0.1) was performed
(Fig. 5).

At 215 °C the decomposition starts, which is evidenced by
the most intense reflections of the hydrozincite phase (e.g. at
20 = 12.9°) losing intensity. Complete decomposition is
achieved at 250 °C. Simultaneously, the zinc oxide reflections
evolved and further increase in intensity as the temperature

& 220
< 200
S 180
C 160
2 140
120

erature

Tem
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40
10 15 20 25 30 35 40 45

20/°

Fig. 5 Temperature-resolved PXRD analysis of the thermal decompo-
sition of the hydrozincite precursor containing 10% aluminium (xa =
0.1). The PXRD analysis was performed with silicon as standard and in
static air. The reflection positions are labelled as follows: silicon (*), ZnO
(#) and additional unassigned reflections (A).
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was elevated, at 300 °C already well-defined reflections of ZnO
are visible. This prompt crystallization is markedly different
from the case of zaccagnaite (Fig. S8t), where even at 600 °C
only very broad reflections of ZnO can be observed. This may
be related to the presence of amorphous alumina, hampering
the diffusion and crystallite growth of ZnO. Interestingly, the
additional reflections at 26 = 19.5° and 26.8° behaved like
those assigned to the hydrozincite regarding the thermal
decomposition, which further indicates that they do belong to
a disordered hydrozincite phase and not to any side-phase like
disordered aluminium hydroxides, although the presence of
such phase cannot be ruled out completely based on the
experimental evidence.

The potentially high degree of substitution of Zn>*" by AI**
is likely to cause significant changes in the structure of hydro-
zincite. This raises the question of how the additional positive
charge is compensated. Three possible scenarios, illustrated in
Fig. 6, affecting the cation- or anion lattice shall be outlined:
the surplus positive charge may be compensated by additional
anions (OH™ or CO;>7) that may be introduced in the interlayer
space and lead to a chemical formula
(Zns_sxAl5(OH)6:5.(CO3)2)  OF  (Zns5_s5Al5(OH)6(CO3)242,5x)-
Also, deprotonation of hydroxyl groups could compensate the
extra charge according to a chemical formula
(Zn5_5,Al5,(OH)e_5.(0)5,(CO;3),). Alternatively, for any two AI**
cations one Zn”* cation might become a vacancy, which could
affect in particular the Zn®" in tetrahedral coordination since
the layer made up of Zn-O octahedra already contains
vacancies in the neighbourhood of the tetrahedrally co-
ordinated Zn?', which could be filled with AI*":
(Zns_5 5xAl5,(OH)6(CO3),). A loss of those tetrahedral sites
would also disrupt the link between the layers facilitated by
the carbonate anions, which would allow for an increased

e
X

7t ]

e\

VY.
4 57
VIY

Fig. 6 Schematic depiction of potential defects in hydrozincite for bal-
ancing the surplus positive charge resulting from substitution of Zn?* by
AL®*: 1. Additional anions occupy the interlayer space. 2. Deprotonation
of OH™ to form O anions. 3. Vacancies on Zn?* sites. The hydrogen
atoms were placed at 0.9 A distance and are not part of the crystal
structure. 348
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number of stacking faults. This in turn would be a viable
explanation for the increasing line width and change of rela-
tive intensities in the diffraction patterns with increasing Al
content. However, the full structure determination of the
potentially modified hydrozincite phase is beyond the scope of
the present work.

SEM analysis of the concentration series shown in Fig. 7
revealed that the sample with an aluminium amount x,; = 0.01
contained aggregates of platelets, which formed spherical
structures, as already observed in the ageing time series. Based
on the assignment introduced above for the ageing time
series, first additional larger platelets (highlighted by the
arrows), which are encountered in the precursor with x4 = 0.03
aluminium content, are assigned to the zaccagnaite side-
phase. Selected SEM-EDX spectra of these larger platelets are
shown in the ESI in Fig. S127 and the results are listed in
Table S2.1 The median cationic ratio of Zn**: AI>* = 3 agreed
well with the expected composition of zaccagnaite.** TEM ana-
lysis of the precursors was complicated due to high beam sen-
sitivity and is described as ESI (Fig. S77).

In order to characterize the aluminium environment in the
hydrozincite precursors, a >*’Al MAS NMR spectrum of the
hydrozincite sample containing 3% aluminium (x,, = 0.03) was
recorded (Fig. 8). The single peak at S,ps = 14 ppm is indicative
of aluminium occupying an octahedrally coordinated site, i.e.
substituting a Zn atom in the hydrozincite structure.*® *’Al
NMR peaks corresponding to a different coordination number
are not observed. In comparison, the >’Al NMR spectrum of
zaccagnaite Zn,Al,(OH);,(CO;)-3H,0 exhibits two different
signals at dops = 15 ppm and Syps = 13 ppm. A *’Al 5QMAS
NMR spectrum (Fig. S281) does not resolve any further peaks
and shows fairly broad signals, which is fully consistent with
the published disordered crystal structure.*>

To further investigate the precursor samples, infrared and
Raman spectroscopy have been applied. In the infrared spectra
shown in Fig. 9, bands typical for hydrozincite were found.*’
For a better comparison between hydrozincite and side-
phases, a phase-pure zaccagnaite sample was synthesized as
described in the ESI (Fig. S61) and used as reference for the
analysis of vibrational spectroscopy data. The infrared spectra
(Fig. 9) show a rather gradual evolution with increasing alu-
minium content and a clear difference to the zaccagnaite refer-
ence pattern demonstrating that the observed bands can be
assigned to the hydrozincite phase. The strongest changes are

Fig. 7 Morphology evolution in dependency of the aluminium content
of the hydrozincite precursors. The arrows show the regions containing
larger platelets and xa, indicated the cation-based molar aluminium
fraction.
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Fig. 8 Stack plot of Al MAS NMR spectra of a coprecipitated hydro-
zincite precursor with x5 = 3% aluminium incorporation and zaccag-
naite. Spinning side bands are labelled with a star (*).
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Fig. 9 Vibrational infrared spectroscopy of aluminium doped hydrozin-
cites with different cation-based molar aluminium fractions x, in com-
parison with the aluminium rich zaccagnaite side phase
Zn4Al2(oH)12(CO3)'3H20.

observed for the two antisymmetric carbonate stretching
modes (v3, 1502-1396 cm™')*° when the aluminium content
exceeds x4 = 0.03, i.e. in the same compositional range where
the unassigned reflections in PXRD at 20 = 19.5° and 26 =
26.8° arise. At the same time, the band at 948 cm™ dis-
appears, which - in analogy to the hydrotalcite-like materials —
is related to hydrogen bonds between hydroxyls and
3132 Such hydrogen bonds are also present in hydro-
zincite*® and thus the vanishing of this band indicates break-
ing of these bonds. These gradual changes support the defec-
tive hydrozincite structure by aluminium incorporation in
agreement with the observed additional reflections in PXRD
(Fig. 3). An infrared band at 621 cm™" appeared for x,, > 0.01
and increased with the aluminium content. For hydrotalcites,
this band was assigned to hydroxyl groups between the
sheets.>® These observations suggest that the anions of hydro-
zincite are affected by the charge compensating mechanism
when zinc is substituted by aluminium through coordination
changes of carbonate and hydroxyl. A similar gradual evolution

carbonate.
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with increasing aluminium content was also found by Raman
spectroscopy (Fig. $171). The Raman modes at 564 cm™ " (Zn-
OH) and 494 cm™' (Me-OH) were present in the samples with
xa1 = 0.06 and x, = 0.1 and represent the side-phase®>® zac-
cagnaite in agreement with the PXRD results.

Summarizing the precursor part

It was established that short ageing time and low aluminium
content can suppress the segregation of crystalline zaccag-
naite. The samples without this aluminium side phase are
interesting candidates for the synthesis of aluminium-doped
zinc oxide due to their more uniform dopant distribution. The
creation of structural defects is suggested for charge compen-
sation upon substitution of zinc in crystalline hydrozincite.

Characterization of the doped zinc oxide samples

Aluminium concentration variation. The thermogravimetric
(TG) analysis of the precursors confirmed a complete
decomposition already at 300 °C (Fig. S13 and S14t). Thus, cal-
cination of the doped hydrozincite precursors was carried out
for 4 h at 320 °C and the formation of phase pure zinc oxide
was confirmed by PXRD analysis (Fig. 10a). A decrease in the
size of the coherently scattering domains with increasing alu-
minium amount suggests successful incorporation of alu-
minium (Fig. 10b). The data further shows that the pro-
nounced anisotropy of the domain size (larger along c-axis)
diminishes with x,;, such that rather spherical crystallites are
deduced. The apparent domain size for 40/ and Akl type reflec-
tions is even lower than for the two principle axes, indicating
defects like stacking faults in the ZnO samples.>”*® Contrarily
to the powder patterns of the precursor series, no crystalline
side phases were observed after calcination. This is in line
with the expected decomposition product of hydrozincite and
the fact that the decomposition of zaccagnaite gives rise to an
amorphous material (as shown in ESI in Fig. S6 and S8%),
which should form a physical mixture with the crystalline ex-
hydrozincite zinc oxide fraction. A further hint for defects was
found by Raman spectroscopy from the overtone mode A, ™'
in the samples with x, = 0.06 and x4 = 0.1 (see Fig. S21} and
accompanying discussion). These samples originate from the
precursors with the most pronounced changes in the PXRD
patterns.

Nitrogen physisorption measurements revealed a surface
area enlargement after calcination as a result of the decompo-
sition of the hydroxycarbonate by simultaneous pore for-
mation due to water and carbon dioxide emission. There is a
clear trend towards larger surface areas for increasing alu-
minium content with a local maximum at x, = 0.005 ranging
from 31 m®> g”* (x, = 0, Fig. $19%) to 106 m> g~* (x4 = 0.1,
Fig. S197). The main pore fraction are 10 nm mesopores for
the samples up to x5 = 0.02. With an increase in the alu-
minium content, this fraction increased. For a higher amount
than x4 = 0.03, the pore fraction of the 20-30 nm pores starts
to increase with further increase in the total pore volume
(Fig. S201).

This journal is © The Royal Society of Chemistry 2023
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Fig. 10 Powder XRD pattern of the aluminium doped zinc oxides (a)
after calcination of the hydrozincite precursors at 320 °C with 2 °C
min~! heating ramp and 4 h holding time in static air. The reference
pattern (black bars) was taken from COD, zinc oxide (#2107059). (b)
Sizes of the coherently scattering domains for the h00 and 00! reflec-
tions extracted via Pawley fit from the patterns shown in (a) as function
of the cation-based molar aluminium fraction xa,.

Aluminium distribution in doped zinc oxide. Electron diffr-
action (ED) of a region showing projections of the aggregated
spheres (Fig. 11b) confirms that this part of the sample con-
sists of ZnO in the wurtzite-type structure in agreement with
the PXRD results, although the reflections are diffuse and not
sharp as expected for a defect-free crystal. However, as already
suggested by the SEM investigation of this sample’s precursor,
a different kind of particle morphologies was also detected by
TEM, an example of which is shown in Fig. 11c. Relatively
large platelets with diameters up to 1 um and ill-defined edges
were found decorated with the above-mentioned nano-scaled
material that comprises the spheres. Interestingly, high-resolu-
tion TEM and fast Fourier transforms (FFT) of the resulting
micrographs show that these thin platelets are porous and yet
oriented like a single crystal with a {101} zone axis of ZnO
(Fig. 11d). The pores and grains of this material are sub-
10 nm.

This journal is © The Royal Society of Chemistry 2023
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Fig. 11 TEM-analysis of an aluminium doped zinc oxide sample (with
xa = 0.03). Image (a) visualizes a typical aggregate as it was also found
by SEM. The corresponding electron diffraction pattern is shown in
figure (b). The image in (c) shows a large single crystal with some frac-
tions of the typical aggregate structure on top. A HRTEM micrograph of
a part of that single crystal is shown in (d) with the corresponding FFT
pattern.

The larger dimension of this platelet particle suggests that
it originates from the zaccagnaite precursor side-phase.
Indeed, EDX measurements were performed at several sample
positions in the scanning TEM (STEM) mode and, hereby, a
wide range of Al contents can be found that are all larger than
the nominal 3% and span from 4.5% up to 38.6% (Fig. S227).
The highest aluminium concentrations were found where this
thin ex-zaccagnaite platelet is not decorated by the nano-
scaled ex-hydrozincite material indicated by the dark contrast
in the high-angle annular dark field (HAADF)-STEM image. It
is intriguing that it is at these aluminium-rich positions where
the FFT has shown zinc oxide as only crystalline component.
This suggests that the zinc and aluminium fractions of zaccag-
naite have segregated upon decomposition into crystalline zinc
oxide and amorphous alumina or nano-scale ZnAl,0, spinel at
a very small scale.

In summary, the electron microscopy investigation revealed
the co-existence of two material systems in the sample with 3%
aluminium. The major fraction of the material is ex-hydrozin-
cite, i.e. crystalline zinc oxide with an aluminium content close
to the nominal value. A minor, but increasing fraction, starting
at x,; = 0.03 according to (precursor) PXRD, is ex-zaccagnaite
and thus aluminium-richer and nano-structured in a complex
manner containing crystalline zinc oxide and amorphous
alumina segregated probably at the platelet surface.

Aluminium speciation in the doped zinc oxides. For a
characterization of the aluminium environment during the
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decomposition process, a series of ZnO samples with x5 =
0.005 incorporated and different annealing temperatures was
investigated by *’Al MAS NMR (Fig. 12).

After the decomposition of the hydrozincite, there are two
different signals observable: §,,s = 82 ppm and S,ps = 12 ppm.
The sharp signal at 6,ps = 82 ppm has unambiguously been
assigned to AI** on a zinc position inside the ZnO crystal struc-
ture, Al .>” This small linewidth reflects the low quadrupolar
coupling constant and an ordered environment of the Al
defect. In contrast, zaccagnaite has a disordered crystal struc-
ture®” and even without Al substitution hydrozincite has been
reported to have a strong tendency for stacking disorder.*® The
second signal at §,ps = 12 ppm can result from unreacted
hydrozincite, but also from a disordered sixfold coordinated
aluminium environment at the surface of ZnO particles.>
With increasing temperatures up to 320 °C, a growth of the
Al signal is observed at the expense of the signal assigned to
Al in unreacted hydrozincite (or in sixfold coordination). Here,
the greatest build-up occurs between 200 and 240 °C, which is
consistent with the formation of ZnO described by variable
temperature PXRD (Fig. 5) and the decomposition of hydrozin-
cite. The presence of a zaccagnaite side phase could not be
observed by ?’Al MAS NMR during the decomposition of the
hydrozincite.

In order to find out whether the in-literature-postulated
solubility limit of AI** in ZnO***° is an explanation for the
occurrence of extra peaks, a series of samples with different
aluminium concentrations was investigated (Fig. 13).

With increasing aluminium concentration, two further
signals are observed: §ops = 75 ppm and dops = 47 ppm. Their
chemical shift indicates that d,,s = 75 ppm corresponds to a

320°C
* * JL A * *

. /\ . 280°C

. . J ’ \ 240 °C
) A ‘ ) - 200 °Ac
— A:L J\ Zaccagnalte
. AJL Hydrozincite
200 150 100 .50  ofppm

Fig. 12 Stack plot of 2’Al MAS NMR spectra of the unheated hydrozin-
cite, zaccagnaite and after being annealed at 200 °C, 240 °C, 280 °C
and 320 °C for 4 h in static air with a heating ramp of 2 °C min™* with xa,
= 0.005 aluminium incorporation. All spectra were recorded with a spin-
ning frequency of 20 kHz. Spinning side bands are signed with a star (*).
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Fig. 13 Stack plot of Al MAS NMR spectra of zinc oxide, annealed
with 320 °C for 4 h, with different cation-based molar aluminium frac-
tions xa.. All spectra were recorded with a spinning frequency of 20 kHz.
Spinning side bands are signed with a star (*).

fourfold coordinated aluminium environment, while §.,s =
47 ppm corresponds to a fivefold coordinated aluminium
environment. Due to their broad line shape and their continu-
ous growth with increasing aluminium concentrations dops =
75 ppm, Sops = 47 ppm and Jops = 12 ppm, can be assigned to
disordered aluminium environments not situated within the
crystal structure of ZnO. This is consistent with the obser-
vation that with increasing aluminium concentration a steady
particle growth is observed for x, > 0.02 (see previous section
Fig. 2). This interpretation is consistent with the areas of high
Al concentration in the TEM experiments (Fig. S227), which is
expected when the Al concentration is low within ZnO and the
surplus of Al is found segregated from ZnO in form of side
phases. TEM experiments provide information from local pro-
jections along the electron beam and are thus not expected to
return the (lower) average bulk value.

To obtain a better estimate for the maximum degree of Al
substitution that can be achieved under these conditions, the
amount of Al | signal at §,ps = 82 ppm is determined as a func-
tion of the degree of substitution x, (Fig. 14). What can clearly
be seen is that the signal/mass ratio increases only up to
values of 2%. By interpolation with two linear functions, the
“saturation limit” can be determined to x, = 0.013. This
agrees with the reported rough estimates of <2 mol% alu-
minium content in zinc oxide from other NMR studies.”>*’

Optical band gap of doped zinc oxides

Because of the expected influence of the aluminium doping on
Al sites, UV/Vis spectroscopy was performed on the zinc
oxide samples. The results of the band gap energies are shown
in Fig. 15.

The band gap determination was performed at room temp-
erature and at —185 °C to exclude heat effects. Afterwards, the
measurement was repeated upon temperature increase back to

This journal is © The Royal Society of Chemistry 2023
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Fig. 14 % Al-signal/mass ratio of the 2’Al MAS NMR signal at Sops =
82 ppm of zinc oxide, annealed with 320 °C for 4 h, with different
cation-based molar aluminium fractions x,. The NMR spectra were
excited with selective /2 pulse and the peak area determined by decon-
volution with Gaussian/Lorentzian profiles. The error bars are estimated,
by taking an error of 1% of the four-fold coordinated aluminium Z7A1
MAS NMR signals. The lines to interpolate the substitution limit were
obtained by fitting linear functions into the corresponding data points.

3.45
A -185°C
—®—25°C
27 °C
3.40 -
A A _A A A
SN\
3.0 &
~ 3.354
i~
W ° @@
3-25 T T T T T T T T T T T
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
Xnl

Fig. 15 Band gap energies of the aluminium doped zinc oxides with
different cation-based molar aluminium fraction x,. The measurements
were performed at room temperature (25 °C, circles) at —185 °C (tri-
angles) and at 27 °C after cryogenic temperature measurement (upside
down triangle). The measurements were performed under vacuum in
transmission mode on a pellet containing dried KBr as diluent. The lines
are to guide the eye.

27 °C to check for thermally induced changes. The similar
band gap energies before (25 °C) and after (27 °C) cooling
demonstrate good reversibility within an error of around
6 meV. A band gap near 3.30 eV was found for pure zinc oxide
at room temperature, which is in alignment with reported
values around 3.3 eV."™ No clear trend was observed at low
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doping level, while a slight increase in band gap energy was
determined for aluminium contents above 1%. This might be
caused to the segregation of aluminium in ex-zaccagnaite
regions as it was suggested by the TEM results. Because of the
wide band gap of aluminium oxide (ca. 5.6 eV), the presence of
disordered alumina could shift the band gap energy of the
material to higher values.”® Generally, the band gap can be
affected by defects, free excitons, impurities and by the lattice
site occupied by the dopant.'””°*"® To exclude free excitons,
the band gap energies were recorded at —185 °C. Compared to
the room temperature spectra, the absolute energies shifted to
higher values. The band gap energy of the undoped ZnO was
increased to 3.37 eV at —185 °C. However, the relative trend
between the samples was mostly maintained with the excep-
tion that the lowest band gap was determined for the sample
with x,; = 0.01 in the cryogenic measurements (3.36 eV), which
is in the range of the highest occupancy of the Al site. This
finding is in agreement with the model of the band gap renor-
malisation, which predicts an optimal band gap for zinc oxide,
if aluminium substitutes a zinc site.”

The behaviour of the zinc oxide sample with x,; = 0.005 alu-
minium with its wider band gap than x,; = 0 and x,; = 0.01,
however, cannot be explained easily so far. This observation
might be related to the Burnstein-Moss effect, which predicts
a band gap widening if the lowest conduction band states are
occupied by electrons introduced by the dopant and the next
free lower level is at higher energies compared to the undoped
sample.®®®” Altogether, the band gap trend is complex and
likely caused by several effects such as the Burnstein-Moss
effect, proper Al,, doping and the segregation of alumina
when the solubility limit is exceeded.

Doped zinc oxides at higher calcination temperature

Often, calcination temperatures higher than 320 °C are used to
synthesize aluminium doped zinc oxides and to investigate
their opto-electrochemical properties.”>>**” A temperature
series of aluminium doped hydrozincite with x,; = 0.03 was
prepared to investigate the effect of higher calcination temp-
erature and to learn about the thermodynamics of the doped
system. Undoped zinc oxide was treated in the same way as a
reference material. The x, = 0.03 sample was chosen because
this was the maximum amount aluminium which could be
incorporated into the hydrozincite with only very little side-
phase formation observable in PXRD. The calcination of the
hydrozincite precursor was always performed by heating up in
air from room temperature to the target dwell temperatures,
which were held for four hours. PXRD shows that the reflec-
tions become sharper after calcination at higher temperatures
(Fig. 16) indicating that the crystallinity of the sample
increased with temperature as expected. At a temperature of
920 °C, reflections of the ZnAl,0, spinel phase were observed,
which increased in intensity with further temperature increase.
Simultaneously, a change in morphology was observed by
SEM. The images of the undoped sample (Fig. 17) demonstrate
that the morphology at 420 °C is still similar to that described
above for 320 °C calcination temperature. At 520 °C the plate-
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Fig. 16 PXRD pattern of the aluminium doped zinc oxide with a cation-
based molar aluminium fraction x5 = 0.03 after calcination of the hydro-
zincite precursors at different temperatures with 2 °C min~ heating
ramp and 4 h holding time in static air. Reflections assigned to ZnAl,O4
spinel are marked with a star (*). The reference pattern of zinc oxide
(black bars) was taken from COD (#2107059) and the reference pattern
of zinc—aluminium spinel (grey bars and stars in pattern) was taken from
ICSD database (#75628). In (a) the complete range is shown. In (b) a
zoom of the pattern with spinel reflections is presented.

Fig. 17 Morphology evolution depending on the calcination tempera-
ture of the undoped zinc oxide. Calcination was performed with 2 °C
min~! heating ramp and 4 h holding time in static air.
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lets were thicker, and a few larger holes demonstrate a begin-
ning sinter effect. Further increase in temperature resulted in
an enhanced sinter effect and an enlargement of the particles,
losing their original nanostructure. At 1100 °C the zinc oxide
has crystallized into bulky, roundish particles with a clearly
decreased porosity.

In order to obtain insight into the effect of thermal anneal-
ing on the presence of the different aluminium species, >’Al
MAS NMR was performed (Fig. 18). Up to 620 °C, the presence of
the aforementioned four different aluminium species is observed.
During this process, a decrease in the Al signal is observed
(Fig. S22t). In thermodynamic equilibrium, the Al substitution
limit is expected to be determined by the formation of spinel
ZnAlL,O, side phase,*® which under low-temperature conditions
amounts to a concentration limit far below the observed values.**
The expected higher substitution levels of the low-temperature
route can be explained by the higher chemical potential of Al in
the amorphous surface layers formed, which are less favourable
to Al then that of the spinel phase. The formation of the spinel
phase as seen by >’Al NMR (Fig. 18) begins at annealing tempera-
ture of 720 °C upwards and drastically reduces the amount of Al
in all phases but not in the spinel phase ZnAl,0,. This is shown
by the presence of an additional signal at Jops = 15 ppm corres-
ponding to ZnAl,0,.%®

* 1100 °C

* *

. ‘ 1020°C

o ——————— A ATy oo it |

920 °C

* *
820 °C

* *
720 °C

* * * *
620 °C

* * * *
520 °C

* * * *
420 °C

* * * *

o,

. . , 320°C

Unheated hydrozincite
* *

200 150 100 50 0 50  -100 d/ppm

Fig. 18 Stack plot of the 2’Al MAS NMR spectra of aluminium doped
zinc oxide with a cation-based molar aluminium fraction x5 = 0.03 after
calcination at different temperatures. All spectra were recorded at a
spinning frequency of 20 kHz. Spinning side bands are labelled with a

star (*).
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At temperatures of 820 °C, the Al signal in ZnO has
dropped below the detection limit of x,; = 0.0005, which is
consistent with the low equilibrium values determined in a
previous study.>* We note that all (NMR visible) Al is con-
sumed by the formed spinel ZnAl,O, phase. At these high
annealing temperatures, only two >’Al MAS NMR signals are
observed: dops = 15 ppm, which corresponds to the octahedral
coordinated aluminium environment in the ZnAl,0, crystal
structure, and d,ps = 75 ppm, which likely results from a cation
inversion defect of the zinc and aluminium.®®%°

What can be concluded is that the low-temperature
approach achieves a much higher AI** substitution of the Zn**
ions in ZnO than the equilibrium concentration would permit.
Furthermore, this high substitution level can be maintained
up to a temperature of about 720 °C when the activation
energy for the formation of spinel crystallite is overcome and
low thermodynamic substitution levels in ZnO are observed. It
can be concluded that n-doping of ZnO by Al is thus stable
under the conditions relevant for the catalytic process.

Together with the results from the composition series,
where the Al increased up to x, = 0.01 after the calcination
of an aluminium-doped hydrozincite, the observation made
for the temperature series indicates that the substitution on a
zinc site is rather a kinetic effect and can be facilitated by a
proper formed precursor acting as a kinetic trap. A further
increase in the aluminium content does not result in an
increased number of substituted sites but increases the side-
phase amount in the precursors phase which has a negative
effect on the opto-electrochemical properties. A calcination
temperature above 320 °C minimizes the number of substi-
tuted sites and is therefore disadvantageous. The results
clearly demonstrate that the presence of aluminium-doped
zinc oxide containing the Al;  species has to be considered as
component of a typical methanol catalyst support.'*

Conclusion

The aluminium speciation was found to be complex when co-
precipitation of hydrozincite precursors, Zns(OH)s(CO3),, is used
as a method inspired by catalyst synthesis to prepare aluminium-
doped zinc oxide support materials. Thermodynamically favoured
aluminium segregation into an aluminium-rich crystalline zaccag-
naite side-phase, Zn,Al,(OH);,(CO;)-3H,0, was observed at alu-
minium contents higher than x, = 0.02, for long ageing times
and after solvothermal treatment. This side-phase was found to
be responsible for a non-uniform aluminium distribution in the
precursors and later in the calcined samples. Still, the results
suggest that hydrozincite can take up aluminium in an octahedral
coordination even for x, > 0.02 leading to the formation of
defects due to charge compensation in the hydroxycarbonate.
Calcination at 320 °C leads to formation of zinc oxide as the only
crystalline phase, but electron microscopy and *’Al NMR revealed
non-uniform aluminium distribution and presence of diverse alu-
minium species for a doping level of x = 0.03 and larger. Such
complexity is based on the ex-zaccagnaite regions, which were
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found to segregate into nano-crystalline zinc oxide with an
aligned crystallographic orientation and into amorphous
alumina. At lower aluminium contents, however, the dopant was
found preferably on the zinc sites of the zinc oxide lattice based
on the Al signal dominating the NMR spectra. The solubility
limit regarding this species was determined to be approximately
Xa1 = 0.013 or 1.3% of all metal cations. Annealing experiments
showed that the substitution of zinc by aluminium is a kinetic
driven process. The aluminium was kinetically trapped on the
Al site up to a substitution limit which is much higher than the
thermodynamic limit set by a segregation into zinc oxide and
ZnAl,O, spinel. This shows that lower calcination temperatures,
such as applied in catalyst synthesis, favour the aluminium
doping on that specific site. The investigation of these support
materials under hydrogenation conditions and their application
in catalytic reaction will be addressed in forthcoming work.
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