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Ga has an ionic radius fitting the radius of Zn much better than Al, which makes it an interesting candidate
for doping of ZnO, which is relevant in context with Cu/ZnO-catalysts and with transparent conductive
oxides. Here, the structural changes of Ga-doping of nano-scale ZnO, which is obtained via thermal
decomposition of hydrozincite, are studied by a combination of X-ray diffraction, "*Ga/*H MAS NMR,
quantum-chemical calculations and electron microscopy techniques. By quantum chemical calculations
the NMR fingerprint of different Ga point defects is predicted, the calculations are validated against
experimental data for different crystalline compounds. The relevant point defect in ZnO could be ident-
ified by the point symmetry of the isolated defect and comparison to the calculated values. The kinetic
solubility limit for Ga in ZnO is determined by X-ray diffraction and NMR. It is shifted to higher values as
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studied by “paramagnetically assisted surface peak assignment” (PASPA) NMR, REDOR and electron
microscopy which shows that for Ga substitution ratios above the solubility limit the excess of Ga is incor-
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1. Introduction

Cu/ZnO is an industrial catalyst known for its efficiency in con-
verting mixtures of CO/CO, and H, into methanol, which can
also be used, with lower selectivity though, in converting pure
streams of the greenhouse gas CO, and H, into methanol,’
which triggered the interest to find ways to further reduce costs
for the catalyst> and improve its catalytic activity.® It has been
observed that the substitution/doping of ZnO with other ions
can improve the catalytic activity of the catalyst Cu/ZnO explain-
ing the electronic promoter ion effect by AlI** in the industrial
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porated into a heavily disordered or amorphous, hydrogen-rich surface-layer.

catalyst.” To the list of dopants which have been observed to
promote the catalytic activity belong AI**,%” Cr**® zr**)° Mg>*,"°
Si** (ref. 11) and Ga**.">"® The doping induced defects of the
host-structure are known to change the electronic band gap,"*
the surface area of the particle'” and the catalytic selectivity.'®
With the introduction of the Cu/ZnO:Al catalyst the temperature
and pressure requirements for the catalytic process could be
reduced to values of 490-560 K and 60-100 bar."” In 2022 over
111 Mtons of methanol were produced by this method.'® A con-
venient way to introduce the promoter is by doping the ZnO
support by co-precipitation with Al,O3;, which is the technically
employed method of catalyst manufacture."®°

Similar to Al,O3, Ga,0; also promotes the performance of the
binary Cu/Zn (CZ) catalyst (see Fig. 1), as previously demon-
strated under industrially relevant conditions.” Compared to the
unpromoted Cu/Zn catalyst, the Ga-promoted Cu/Zn:Ga (CZG)
catalyst exhibited enhanced activity (Fig. 1a) not only in CO
hydrogenation but also in syngas mixtures containing both CO
and CO,. The high methanol activity was attributed to the syner-
gistic interaction between Cu and ZnO, with the Ga dopant
improving ZnO reducibility. Moreover, the catalyst demonstrated
stability for over 800 hours on stream (TOS), which was attribu-
ted to the structural robustness imparted by the coprecipitation
synthesis method (see Fig. 1b).>

Dalton Trans., 2025, 54, 1095-11111 | 11095


http://rsc.li/dalton
http://orcid.org/0000-0003-2121-9514
http://orcid.org/0000-0003-3407-5011
http://orcid.org/0000-0003-2294-796X
https://doi.org/10.1039/d5dt00928f
https://doi.org/10.1039/d5dt00928f
https://doi.org/10.1039/d5dt00928f
http://crossmark.crossref.org/dialog/?doi=10.1039/d5dt00928f&domain=pdf&date_stamp=2025-07-10
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt00928f
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT054028

Open Access Article. Published on 30 June 2025. Downloaded on 10/28/2025 5:04:44 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Dalton Transactions
5. . e B
b (o{0) CO:CO, =1 22100 +¢
: . e | e
©
by ! =
< 4 | g oo | \ cZG
‘-:‘3 ) -,9_, 80 *——o
2 : £
53‘ | L 601
g | 2
o]
€ 21 : § 40-
~ 1 £
21 ! % u
=14 J
o ! 3
! 2
0‘ . Tg' 0 T T T T T T 1
CZG Ccz CZG Ccz ° 20 300 400 500 600 700 800
TOS/h

Fig. 1 Illustration of the effect of Ga promotion on the performance of a Cu/ZnO catalyst in methanol synthesis: (a) enhanced activity in both CO
hydrogenation and syngas (CO + CO,) conversion of Ga*>*-promoted catalyst (CZG) compared with a binary unpromoted one (CZ), and (b) long-
term stability of both catalysts in CO hydrogenation (TOS = time-on-stream). The reactions were carried out at 235 °C, 30 bar, with a gas hourly
space velocity (GHSV) of 1700 h™* and a CO, : H, ratio of 2. This data was previously reported in ref. 5 and further experimental details can be found

therein.

It was recently shown that AI** can be replaced by Ga®" and

both showed a marked promoting effect compared to a binary
unpromoted Cu/ZnO catalyst (CZ in Fig. 1) under industrially
relevant conditions.” A Ga’"-promoted Cu/ZnO:Ga (CZG in
Fig. 1) exhibited enhanced activity (Fig. 1a) not only in CO
hydrogenation but also in syngas mixtures containing both CO
and CO,. The high methanol activity was attributed to the
synergistic interaction between Cu and ZnO, while Ga was
present as a dopant to ZnO improving its reducibility. In
addition to its higher activity, the CZG catalyst demonstrated
an interesting stability for over 800 hours on stream (TOS),
which was higher than that of the unpromoted CZ catalyst
(Fig. 1b). In the light of these promising catalytic properties,
this present work now addresses fundamental questions such
as the structural changes to coprecipitated zinc oxide supports
induced by Ga** doping or the solubility limit.

Gallium also is in the focus of recent research by other
groups and it was also reported to have a positive effect on the
selectivity of Cu during methanol synthesis from CO, if applied
with proper loading.>* For incorporation into the ZnO com-
ponent of Cu catalysts, Ga has an ionic radius better matching
that of the host cation compared to Al (74" = 0.53 A < rg.>" =
0.61 A < 1,,>" = 0.74 A),** potentially allowing a higher substi-
tution ratio. It remains important to understand for the catalysts
ZnO component is modified by the incorporation of promoter
ions on different length scales. XANES measurements indicate,
that Ga*>" occupies a fourfold coordinated position in ZnO in the
Cu/ZnO:Ga catalyst and that it is not incorporated into metallic
copper phase.>** This behavior is different from that of Al,>'
which is also not expected to be incorporated into Cu, but not
only exclusively found inside the ZnO phase and rather forms
disordered and complex highly dispersed phases.*

1096 | Dalton Trans., 2025, 54, 11095-11T1

Another aspect regarding the incorporation of promoter ions
is the question up to which concentration ZnO takes up
Ga®'**** By the application of different techniques, solubility
limits were determined ranging from 0.5 mol% by XRD and
RAMAN,”® 2 mol% by static solid-state NMR,*” 2 mol% by resis-
tivity,”® to 4 mol% by conductivity measurements.® A reason for
the difference in the reported solubility limits is that depending
on sample synthesis the limit, that is set by thermodynamics,
can be overcome by kinetic control for example by low-tempera-
ture decomposition reactions.>® The thermodynamic solubility
limit is difficult to determine precisely, however, results from
samples quenched from different temperatures can serve as a
reference and show the thermodynamic limit at 1500 °C is
below 0.1 (mol/mol)%.>* As for the case of ZnO:Al, the thermo-
dynamic solubility limit is also lower than the solubility limit
that can be achieved under kinetic control.>"*>

Different low-temperature routes to nano-scale ZnO:Ga have
been reported to achieve a high substitution ratio: nano-scale
ZnO:Ga has been obtained similar to the industrially known low-
temperature synthesis by decomposition of a hydroxycarbonate
precursor.>® Other methods include sol-gel synthesis,* Pecchini
method,”* radio frequency magnetron sputtering® or a solid-state
reaction.”® Depending on the synthesis temperatures mixtures of
ZnO and ZnGa,0, spinel instead of ZnO:Ga are obtained.>**” In
case of Al, the spinel is not considered a promoting species for
Cu/ZnO catalysts and its formation was associated to de-
activation.*® For a catalyst in addition to the present phases also
the morphology is relevant. So far films,* platelets*® and rods™'
of ZnO:Ga could be obtained, while the synthesis route via co-pre-
cipitated hydroxy carbonates usually leads to porous aggregates of
doped ZnO nanoparticles that inherit their morphology from the
crystalline precursor phases.*

This journal is © The Royal Society of Chemistry 2025
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For the optical and electrical materials properties, it
matters how the Ga is incorporated into the host crystal struc-
ture of ZnO. To obtain site specific information about the Ga
environments, solid-state NMR is a powerful method as
gallium atoms have two NMR active nuclei with spin 3/2,
namely ®*Ga and 7*Ga.**> Ga and Al are both group 13 elements
and besides have good quadrupolar nuclei (*’Al and ""*°Ga)
suitable for NMR. Given the similarity in their chemistry, it is
not surprising that correlations between the NMR observables
of isostructural crystal structures have been reported for *’Al
and 7'Ga.*>** Nano-scale ZnO:Ga did not get studied in detail
by Ga NMR yet. What has been studied is a material syn-
thesized at 1200 °C, most likely resulting in a composite of
ZnO and ZnGa,O, spinel instead of ZnO:Ga®>’ and in a
different study static NMR experiments have been performed,
which suffer from limited spectral resolution.'* Missing are
NMR studies trying to identify the surface signals as in case of
nano-scale ZnO:Al by "H and *’Al NMR, using DNP-SENS*® or
a combination of REDOR and “paramagnetically assisted
surface peak assignment”.*® Also missing is the spectroscopic
NMR finger-print for °*”'Ga defects by quantum chemical cal-
culations similar to what is available for Al in ZnO:AL*

The purpose of this contribution is to study how Ga®" is
incorporated into nano-scale ZnO at different substitution
levels on the example of a material which was obtained under
kinetic control using a synthetic protocol adopted from Cu/
ZnO catalyst synthesis.

2. Experimental part
2.1 Precursor synthesis

The precursor of the zinc oxide sample was synthesized by co-
precipitation (reagents Table S1t). The precipitation was
carried out in an automated stirred tank reactor (OptiMax,
Mettler Toledo) from 1 M metal salt nitrate solution at a temp-
erature of 65 °C and at a constant pH of 6.5. As precipitating
agent, 1.6 M sodium carbonate solution was used. Before start-
ing precipitation, 200 ml deionized water was filled into the
reactor, followed by pH-adjustment. The dosing rate of metal
solution was adjusted to 4.2 g min~". The setting of the syn-
thesis parameter were taken from typical conditions of Cu/
ZnO catalyst manufacture®® under the omission of Cu. After
precipitation, the precipitate was 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 pS cm™" and dried at 80 °C for
14 h in a heating cabinet.

2.2 Zinc oxide synthesis

The zinc oxide was synthesized by calcination of the ground
hydrozincite from co-precipitation. The calcination was per-
formed at 320 °C with a heating ramp of 2 °C min™" for 4 h in
a Nabertherm (LE 6/11/B150) muffle furnace in static air
(without any volume flow), which again resembles the typical
conditions of catalyst synthesis.

This journal is © The Royal Society of Chemistry 2025
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2.3 Sample labeling

The samples are labeled according to their nominal gallium
content relative to the total amount of metal atoms either as
molar percentage or as a value xg, representing the nominal
metal-based ratio of gallium atoms calculated as shown in eqn (1).

NGa

o = NGa + Nzn (1)

Here, n; is the molar amount of element i (i = Zn, Ga). It
should be noted that the Ga content in reality is a bit lower as
indicated by an analysis by atomic absorption spectroscopy
(Fig. S101). Those values in the following are referred to as
Xga(AAS). Nevertheless the nominal values have been used
throughout to be consistent with a previous study on ZnO:Al.

2.4 Characterization methods

Powder X-ray diffraction (PXRD). X-ray analysis was per-
formed on a Bruker D8 advance with copper Ka radiation and
a LYNXEYE XE-T detector. The diffractograms were recorded in
reflection in a Bragg-Brentano geometry at room temperature
between 5° and 90° of the angle 26. Phase analysis was per-
formed by comparing the recorded with structural data from
ICSD and COD databases. Structure refinements were carried
out using TOPAS academic Version 6.0.*® Instrumental line
broadening was accounted for by fitting a Thompson-Cox-
Hastings pseudo-Voigt profile’® to a measurement of the line
shape standard LaBs (NIST SRM 660 b). Line broadening of
the sample was modeled by anisotropic size broadening,
which is justified by the small crystallite size evidenced by
TEM and SEM imaging.

Nuclear magnetic resonance (NMR). 'H and "*Ga solid-state
NMR experiments were performed at 14.1 T on a Bruker
Avance Neo NMR spectrometer equipped with a commercial
3.2 mm MAS probe head at a frequency of 600.2 and
183.0 MHz for 'H and "'Ga, respectively. The chemical shift
values of "'Ga are reported on a deshielding scale, relative to a
solution of 1.1 M Ga(NO;); in D,0.°>*' The 'H resonance of
1% TMS in CDCl; served as an external secondary reference
using the = values for 7'Ga as reported by IUPAC. The peak
areas were determined by deconvolution into mixed Gaussian/
Lorentzian profile functions with the program deconv2Dxy.*?
For the 'Ga and 'H paramagnetically assisted surface peak
assignment (PASPA) NMR measurements the ZnO:Ga with xg,
= 0.03 and 0.1 was treated according to the procedure
described in ref. 46. The organic solvent was degased by bub-
bling Ar through it and all solutions and samples were
handled under a protective gas atmosphere to prevent from
REDOX reactions.

Quantum-chemical calculations. The atomic positions were
relaxed under periodic boundary conditions using the
Quantum ESPRESSO v.6.6 software.>** The input file for
Pwscf featured the usage of an energy cutoff of 120 Ry (1633
eV) and a Monkhorst-Pack® like k-point mesh of 4 x 4 x 4 over
the Brillouin zone. All fractional atomic coordinates were
allowed to relax in P1 symmetry. Norm-conserving Troullier—

Dalton Trans., 2025, 54, 1095-1111 | 11097
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Martins type®® pseudopotentials with PAW reconstruction®”
were chosen. The convergence threshold for self-consistency of
the electronic wave function was set to 10™'* a.u., while the
thresholds for the total energy and the atomic forces were set
to 107*% a.u. and 107'° a.u., respectively. For the generation of
the calculated supercells the program supercell was used.’®
The cif2cell program was used to assist in the input file gene-
ration.>® To obtain NMR parameters, GIPAW calculations®”®"
with standard setup (job = nmr, q_gipaw = 0.01 and spline_ps
= .true.) were performed. For the calculation of the isotropic
chemical shifts, gallium containing compounds with known
isotropic chemical shifts were used to generate a conversion
formula from the isotropic chemical shielding parameter ;.
The quadrupolar coupling Cq and the quadrupolar asymmetry
parameter 5o were calculated based on the electric field tensor
eigenvalues V;; and the nuclear quadrupole moment eQ.

eV Q
Co=—"— 2
Q=" (2)
V])y - VJC.X'
Q= "y (3)
2z
Brunauer-Emmett-Teller (BET) analysis. The specific

surface areas were measured by nitrogen physisorption at 77 K
in a Nova 3200e sorption station from Quantachrome. Before
recording the isotherms, 500 mg sample material was
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 in a sample
specific range determined by the Micropore-Assistant of the
NovaWin software by only considering the increasing volume.

Scanning electron microscopy (SEM). The SEM analysis of
the doped ZnO samples 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 G2 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.

3. Results and discussion

First the materials synthesis of nano-scale ZnO:Ga is presented
which is achieved via thermal decomposition of nano-scale
Ga-doped precursors. The products are characterized for
surface area, morphology and crystallinity. In the second part
solid-state nuclear magnetic resonance (NMR) is used to
obtain insight into the defect structure of ZnO. NMR finger-
print for various possible Ga site defects is predicted and the
NMR resonances are localized in bulk or particle surface.

1098 | Dalton Trans., 2025, 54, 1095-111
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3.2 Nano-scale gallium substituted precursors for ZnO

The precursor phase obtained under the co-precipitation con-
ditions applied in this study is hydrozincite Zns[(OH)s|(CO3),].
In our previous study on Al,*" this phase was shown to be able
to incorporate certain amounts of trivalent cations. We made
an attempt to incorporate Ga®>" in hydrozincite, a compound
structurally related to hydrotalcite or layered double hydrox-
ides (LDH). As the latter ones are able to incorporate di- and
trivalent cations, Powder X-ray diffraction (PXRD) reveals a
similar behavior in the sense, that the samples up to a gallium
to zinc substitution ratio xg, = 0.04 are crystalline and free of
crystalline side phases (Fig. 2). The hydrozincite reflections
become broader as the gallium content in the starting solution
was increased, indicating that our attempt to incorporate Ga**
in this phase was successful and that gallium doping leads to
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Fig. 2 PXRD pattern of the co-precipitated gallium-doped hydrozincite
precursors and a gallium containing zaccagnaite (b). In (a) is a higher
resolution of the range up to 20 = 15° shown, to demonstrate the evol-
ution of the zaccagnaite-like Zn,Ga LDH phase (“Ga Zaccagnaite”). The
reference pattern was taken from ICSD, hydrozincite (ICSD-16583) and
the zaccagnaite (ICSD-190041, marked with *). The new and unassigned
reflections at 20 = 6.45°, 20 = 19.45° and 20 = 27.03° are marked with a
triangle. xg, denotes the metal-based fraction of gallium atoms.

This journal is © The Royal Society of Chemistry 2025
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a reduction of the crystallite size. For a gallium content xg, >
0.04 an additional reflection of a side phase at around 20 = 12°
evolved, which is assigned to a hydrotalcite-type crystalline
phase. The mineral of the analogous aluminum-rich hydrotal-
cite-type side-phase is called zaccagnaite with the composition:
Zn,Al,(OH);,(C0O;)-3H,0. This side phase was also found in a
study about Al incorporation into hydrozincites and zinc
oxides.”’ Here, instead of aluminum gallium cations were
incorporated, resulting in a Zn,Ga layered double hydroxide
(zn,Ga LDH) side-phase similar to zaccagnaite. With further
increase of xg, further line broadening is observed.
Additionally, new reflections at angles of 26 = 6.45° and 19.49°
evolved for xg, > 0.06. No matching entries could be found for
these reflections in the ICSD and COD databases. The
additional reflection at 20 = 19.49° was also observed in a pre-
vious investigation with aluminum as trivalent cation and pre-
sumably corresponds to a defect enriched hydrozincite with
broken symmetry.>! Interestingly for xg, = 0.15 all observed
reflections aside the ones assigned to the gallium-containing
zaccagnaite become sharper again, including both the
additional ones as well as those assigned to hydrozincite. This
further corroborates that all belong to a common phase.

Further temperature resolved PXRD was carried out
(Fig. S11). Analogous to the Al-substituted hydrozincite,*! the
gallium-doped precursor decomposes at around 220 °C to
ZnO, which is in line with the results from thermogravimetric
analysis (compare Fig. S21). Contrarily, the zaccagnaite-like
side phase reflections disappeared at a temperature of around
120 °C. The additional reflections at 26 = 6.45° and 26 = 19.49°
vanish at virtually identical temperatures, further corroborat-
ing that these belong to a common hydrozincite phase modi-
fied by xg, > 0.06. The Ga-containing zaccagnaite side phase
reflections disappear already at a temperature of around
120 °C, a much lower temperature despite the chemical and
structural relationship to hydrozincite. In order to obtain
further insight about the gallium incorporation into the hydro-
zincite host lattice 7'Ga magic-angle spinning (MAS) NMR
measurements were performed (Fig. 3).

In the hydrozincite crystal structure there are three different
Zn sites, two of which show a six-fold coordination and one
being four-fold coordinated, which can in principle all be sub-
stituted by Ga. Through 7'Ga MAS NMR the presence of six-
fold coordinated gallium cations in a potential gallium substi-
tuted hydrozincite Zns_s5,Ga;g/3.¢(CO3)2(OH)s could be con-
firmed (5" = 37 ppm), indicating a preferred substitution of
atoms on the six-fold coordinated Zn sites by Ga atoms. A
similar preferred substitution of the atoms on the six-fold co-
ordinated Zn sites has also been observed for Al-doped hydro-
zincite.>' The chemical shift and the quadrupolar lineshape
differ slightly from the one observed for the octahedrally co-
ordinated gallium atoms in a Ga-containing zaccagnaite. This
peculiar lineshape was not observed in the spectra of the
doped hydrozincite samples, indicating that the formation of
zaccagnaite as observed by PXRD at xg, > 0.06 is only a minor
impurity, while most gallium atoms are incorporated into the
hydrozincite.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Scaled H decoupled "*Ga MAS NMR stackplot of gallium doped
hydrozincite and a zaccagnaite-like Zn,Ga LDH phase (‘Ga
Zaccagnaite”). The gallium content for the hydrozincites is given by xg,.
All spectra were recorded with a spinning frequency of 20 kHz.

With the incorporation of Ga*" ions in the hydrozincite pre-
cursor and the formation of potential side-phases at high con-
centrations characterized, the next subchapter focuses on the
Zn0:Ga decomposition products. A deeper investigation of the
precursors defect chemistry will be subject of a forthcoming
study.

3.3 Formation and characterization of nano-scale ZnO:Ga

Nano-scale ZnO:Ga was formed by calcination of the Ga-doped
hydrozincite at a temperature of 320 °C in static air, involving
the elimination of H,O and CO,. PXRD analysis (Fig. 4) exhi-
bits reflections of ZnO. Potential side phases like the spinel
phase ZnGa,0, ** or homologous phases of Ga,03(Zn0), *>**
could not be observed, which also indicates that both hydro-
zincite and the zaccagnaite-like side phase have decomposed,
which is also in agreement with the temperature-resolved
PXRD investigation (Fig. S11). The exclusive formation of ZnO
is also supported by electron diffraction performed during the
transmission electron microscopy (TEM) analysis (Fig. S37).
Herein samples with a Ga content of xg, = 0.4, and xg, = 0.15
were analyzed in the TEM with electron diffraction (ED) and
energy dispersive X-Ray spectroscopy (EDX) with regard to
phases and chemical composition. Electron diffraction of the
ZnO:Ga sample with xg, = 0.04 (Fig. S3a and b¥) exhibits a for
ZnO typical d-spacing and a polycrystalline diffraction pattern.
Fig. S3ct shows an overview image of the heavily doped ZnO
(xga = 0.15) sample with a big platelet having a diameter of
about 200 nm, as well as an agglomeration comparable to that

Dalton Trans., 2025, 54, 1095-1111 | 11099
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Fig. 4

(@) PXRD pattern of the gallium doped zinc oxides after calcination of the hydrozincite precursors. The reflection positions are indicated by

tickmarks and were taken from COD entry for zinc oxide (COD-2107059). xg, is the metal-based fraction of gallium atoms and is indicated in (a) on
the right hand side. In (b) the lattice parameters are presented, the purple line is an extrapolated fit to the range of to the range of xg, = 0.01-0.04.
In (c) crystallite sizes for two distinct directions of the crystallites are shown.

shown in Fig. S3at with lower Ga concentration. The larger
platelet shows a single-crystalline electron diffraction pattern
(zone axis [001], Fig. S3dt) with a d-spacing slightly bigger
than the one typical for ZnO (010 reflection 2.864 A instead of
2.8145 A; —120 reflection 1.669 A instead of 1.6249 A). Larger
platelets are assumed to be a zaccagnaite-like side phase, as it
was observed for the Al doped series, as well. Even, in case of
Al as dopant, the decomposition of the side phase resulted in
a highly defective ZnO. The main difference is, that in case of
Ga as dopant, the side phase only evolved at higher doping
levels in the precursor phase (xg, > 0.04). These results are
also supported by EDX point measurements on the platelet
and on the agglomerate shown in Fig. S3c.f As a result, the
platelet has an amount of 33.3 (mol/mol) % Ga in contrast to
the agglomerate where the amount of Ga is only slightly
increased in comparison to the average composition (xg, =
0.15). The higher amount of Ga, as seen by EDX, in the big
platelets can be explained by the high concentration of Ga in
the zaccagnaite-like side phase which leads to a higher
amount of amorphous/disordered side-phase covering the
ZnO-platelets than in the rest of the sample.

The visual inspection of the powder patterns in Fig. 4a
shows that for all compositions studied, ZnO is observed as
the only crystalline phase. The lattice parameters (Fig. 4b) a
and ¢ show for xg, = 0.01-0.04 a linear trend, which is corrobo-
rated by the fitted line. For a this trend appears to continue up
to Xga = 0.1, while for ¢ already at xg, = 0.06 a clear deviation
from linearity is observed. Over the entire range of Ga-contents
under study the reflections become broader. Further, the line
broadening is anisotropic, i.e. more pronounced for specific
crystallographic directions. The resulting crystallite sizes for
h00 and 00! reflections are shown in Fig. 4c. A steady decline
from above 10 nm down to 4-5 nm evolves. Further, the aspect
ratio is inverted, which would correspond to a change in shape
from slightly needle-like to platelets with increasing xg,. It
must be mentioned that the line shape analysis is here limited
to the assumption of pure size contribution for the sake of
simplicity, neglecting possible strain broadening. Inclusion of
strain contributions did not improve the fit significantly, but

MO0 | Dalton Trans., 2025, 54, NO95-1111

ZnO is well-known for its tendency to form stacking faults,®>°®

which have an anisotropic line broadening effect as well (note
the pronounced broadening of cross plane reflections like 102
and 103), but this analysis is beyond the scope of this work.
The steady decrease of the crystallite size is in line with a con-
tinuous increase of the BET surface area (Fig. 4) with increas-
ing Xga-

Regarding the question of the solubility limit of Ga®" in
ZnO the results are somewhat contradictory: a linear depen-
dence of the lattice parameter on chemical composition may
be stated for a up to xg, = 0.1, while ¢ is only linear up to xg, =
0.04. The determination of the lattice parameters becomes
increasingly unreliable due to the broad reflections and corre-
lations with the specimen displacement. The crystallite size
declines rather quickly up to xg, = 0.06 beyond which it rather
converges. From these results a solubility limit of xg, = 0.06 or
even lower may be inferred, requiring combination with
results from complementary methods.

Further a brief comparison to the case of ZnO:Al from our
previous study" shall be drawn: the dependence of the crystal-
lite size on the chemical composition was less pronounced,
but still extended when exceeding the solubility limit deter-
mined by >’Al MAS NMR (~1.3 mol%). Further the crystallite
shape was needle-like as inferred from the aspect ratio of the
anisotropic crystallite sizes. For ZnO:Ga this inverts around an
nominal substitution ratio of xg, = 0.03 corresponding to a
real value of xg,(AAS) = 0.023. This change in aspect ratio may
be seen as further evidence for a substitution limit beyond xg,
=0.03 in ZnO:Ga.

Qualitatively, the increase in the surface area for ZnO:Ga
with rising gallium concentration is associated with a change
in the morphology as seen in SEM micrographs (Fig. 6).

While the overall platelet-like morphology from the hydro-
zincite is maintained during thermal decomposition (see
Fig. S4t), with increasing Ga content a reduction in size of the
ZnO:Ga aggregates is observed. Simultaneously, a reduction in
the pore size and a rise of the numbers of pores occurs (see
Fig. S51), which is consistent with the increase in the surface
area observed by BET (Fig. 5). Especially for the ZnO doped

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Evolution of the BET-surface for the gallium doped hydrozin-
cites (white columns; HZ) and their corresponding zinc oxides (black
filled columns; ZnO) after calcination at 320 °C for 4 h in static air.

with xg, = 0.15 the pore size is reduced to the nano-scale.
Furthermore, for this sample, additional platelets on top of
the typical ZnO agglomerates are observed (marked with
arrows in Fig. 6). Due to the typical shape for layered double
hydroxide (LDH) crystallites and because of the observed side
phase reflections of a zaccagnaite-like Zn,Ga LDH phase in
PXRD in the precursor characterization, the platelets are
expected to be the zaccagnaite-like side phase. This is in align-
ment with the eatlier reported study of Al doped Zn0O.*'

3.4 Ga-defects in ZnO

In order to study the incorporation of the Ga** ions into the
ZnO crystal lattice "'Ga MAS NMR measurements were per-
formed (Fig. 7) on a series of samples with different degree of
substitution.

In "'Ga MAS NMR spectra several gallium environments
can be resolved: two peaks which can be assigned to 4-fold co-
ordinated Ga atoms (6. = 213 and ~200 ppm) and one broad
resonance corresponding to 5- and/or 6-fold coordinated
gallium atoms (65> ~ 50 ppm) for samples with a high gallium
concentration, xg, > 0.03. The overlap of peaks in "*Ga MAS

NMR spectra is stronger than that in the corresponding *”Al
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Fig. 7 'H decoupled "*Ga MAS NMR stackplot of doped zinc oxide,
annealed at 320 °C for 4 h, with different cation-based molar gallium
fractions, xg,. All spectra were recorded with a spinning frequency of 20
kHz.

MAS NMR spectra of ZnO:Al, which makes the distinction of
different environments more difficult.>® Importantly, at low
Ga-content only a single tetrahedrally coordinated gallium
environment at &, = 213 ppm could be observed. This "'Ga
MAS NMR signal features a narrow linewidth, which indicates,
that the Ga atom has a well-ordered environment and a small
quadrupolar coupling because no second-order quadrupolar
lineshape is observed, so that the observed chemical shift 5:,-

obs
equals the isotropic chemical shift §.F within error limits.

1s0
This peak is assigned to Ga cations on a Zn-site in ZnO, i.e.
Ga;,, which needs to be confirmed by quantum-chemical cal-

culations presented in the following.

3.5 NMR finger-print of different possible Ga defects

In principle, a number of different defects has been suggested
previously for Zn0,*****” besides the already mentioned
defect. To obtain NMR fingerprint for the different point
defects (see below), quantum chemical calculations can be

Fig. 6 SEM micrographs of selected ZnO:Ga samples with xg, = 0.01 (left), 0.04 (center) and 0.15 (right). Larger platelets observed in the sample

with xg, = 0.15 are marked with arrows.

This journal is © The Royal Society of Chemistry 2025
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applied. By comparison of chemical shift values and quadru-
polar parameters to experimental values on known crystal
structures, scales to translate calculated values on the experi-
mental scale can empirically be determined and it is possible
to estimate the error of prediction. To this end literature
values were collected on 14 compounds yielding 18 individual,
unambiguously assigned Ga peaks (Table S2f). Deliberately
only non-metallic compounds were considered, which are
chemically similar to the investigated system.

Shielding calculations which are determined via density
functional theory need to be converted from a shielding scale
to a deshielding scale against a different standard which is
required by the experimentalist. This not only requires a sign
change and calculation of a reference compound but also
needs a scaling of the shielding parameter, which is due to the
imperfections of the theoretical method. Here, density func-

View Article Online
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tional theory under periodic boundary conditions using Kresse
Joubert projector augmented wave (kjpaw) pseudopotentials,®”
the Perdew-Burke-Ernzerhof (pbe) functional type and a
cutoff energy of 120 Ry was applied. The shielding values were
estimated using “Gauge Including Projector Augmented
Waves” (GIPAW) as implemented in quantum espresso.
The conversion formula to obtain from calculated isotropic
shielding o3¢ predicted isotropic chemical shift values
6pred for 69/71Ga.

iso

No! =0l + B

The parameters A = —0.930 + 0.014 and B = (1600 + 22) ppm
were obtained by a linear regression of experimental deshield-
ing values 62! against calculated shielding values

180
otd¢ (Fig. 8a, Table S21). The average error of prediction of
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(a) Correlation plot of the experimentally determined isotropic chemical shifts &,

= to the calculated isotropic chemical shielding values o5\

1so Iso

for Ga. The gray line represents a linear regression with the sPred = A-(;icsﬁ)'c + B conversion formula with A = —0.930 + 0.014 and B = 1600 + 22 ppm

Iso

(R? = 0.9965). The corresponding values were taken from Table S2.1 (b) Correlation plot between the experimentally determined quadrupolar coup-
ling CZ® and the calculated quadrupolar coupling C&'. The dotted line represents a linear regression with the C2°® = C-CZ' prediction formula

with C = 1.20 + 0.07 (R? = 0.9764).
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shielding values 6{’;03‘1 amounts to roughly 6 ppm over a range
from —98 to 333 ppm, which provides a good basis for predict-
ing the hypothetical shift values for different defects.

For the quadrupole interaction, quantum chemical calcu-
lations were used to get the electric field gradient tensor,
whose eigenvalues V., V,, and V,, are required to calculate the
quadrupolar coupling Co, and the asymmetry parameter
Nlq- The quadrupolar coupling Cgalc in principle was obtained
by a simple multiplication with the nuclear quadrupole
moment Q for "'Ga as tabulated and the eigenvalue V¢2°.°® The
GIPAW method at this level of theory introduces an apparent
scaling of the electric field gradients, which can be seen from
the deviation of the slope parameter C from unity. The latter
being determined via linear regression of the experimental
quadrupole coupling Cg P against calculated quadrupole coup-
lings C&'® for of 16 individual Ga sites (Fig. 8b, and Table S27),
which leads to the conversion formula

pred _ ~ ~cale
Cq =C-Cq

and a C parameter C = 1.20 £ 0.07.

The calculated electric quadrupole couplings Cg"lc underes-
timate the experimental values Ci,” by about 20%. This discre-
pancy is partially related to the difference in temperatures
between simulation and experiment but also to limitations of
the theoretical method, for example using a pseudopotential
for a nuclear property instead of an all-electron treatment.

The average error of prediction for the predicted quadrupo-
lar couplings Cgred is 6% in a range from 0 to 15 MHz. An
especially drastic error in prediction was observed for
ZnGa,0,, which could be a consequence of disorder and
defects in the spinel structure.®® Nevertheless, the calculations
in general provide a reliable basis to distinguish big from
small quadrupolar couplings which is what is required for the
identification of Ga defects.

For the following calculations different defect models were
generated following literature and a similar study on ZnO:
A1>*?%%7 The considered defect models are (a) the Ga;,, defect,
in which a zinc atom is substituted by a gallium atom, (b) the
Gaj 1.y, defect, in which a gallium atom is positioned on a tet-
rahedrally coordinated interstitial position, (c) the Gajy.,
defect, in which a gallium atom is positioned on an octahed-
rally coordinated interstitial position and (d) a coupled defect
of a gallium atom substituting a zinc atom neighboring to a
zine vacancy [Gay, + V%,| (Table 1). The defects are illustrated
in Fig. 9. It should be noted that all models carry a non-zero
formal charge.

To calculate charged point-defects, an opposite jellium
background charge is required.”® The interaction of charged
defects in neighboring unit cells will influence the results,
unlike when applying for example embedded point charge
models, which allow to calculate defects at infinite dilution.”*
To study the convergence behavior of the NMR parameters, the
size of the supercells hosting a single defect were changed
from 2 x 1 x 1 to 4 x 4 x 2, where the basic cell refers to the
conventional unit cell of ZnO. In each case the structures were

This journal is © The Royal Society of Chemistry 2025
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Table 1 Predicted NMR fingerprint for various different point defects in
ZnO:Ga including the site symmetry in Hermann—Mauguin notation,
predicted isotropic chemical shift 5{’5'§d, 7Ga quadrupolar coupling and
quadrupolar asymmetry parameter CpQ'ed. The " Ga quadrupolar coupling
and quadrupolar asymmetry parameter were calculated from the elec-
tric field gradient eigenvalues using a 4 x 4 x 2 ZnO supercell and con-
verted using the conversion factor C. The necessary nuclear quadrupole
moment for 7*Ga was taken from ref. 68. The isotropic chemical shift
o0t for the Gay,, Gajoea Gaifewa and [Gay, +V' ' zn] defects was
obtained by conversion of the supercell size converged isotropic chemi-
cal shielding values 652 (see Fig. 10, S6, S7 and S8+)

Iso

Defect Site symmetry  5;5o"™¢ /ppm Cmed/MHz qgred
Gay, 3m 200(4) 2.0 0.0
Gai','(')cta 3m 92(4) 6.5 0.0

Ga; et m 220(4) —22.3 0.74(6)
[Gay, +V''z] m 204(3) -15.1 0.36(5)

i

a) b b) T

s

LIPS |

¢ ¢
C) d)

o

Fig. 9 Gallium defect models (a) Gaz,, (b) Ga;5,. (€) GajTey, and (d)

[Ga'Zn +V’ Zn]. The defect structures were calculated embedding them
in a supercell with a background charge and relaxing the atomic posi-
tions. The atoms in the relaxed (Ga: red, O: dark blue, Zn: dark gray) and
the original structure (Ga: red, O: light blue, Zn: light gray) are shown in
comparison. The empty circles label zinc vacancies either caused by
relaxation (c) or by the investigated defect itself (d).

relaxed while keeping the cell parameters fixed. The values at
infinite dilution were estimated by plotting the shielding
values of2° as a function of shortest distance found between
the charged defects in neighboring unit cells. In this way,
results from a number of supercell combinations yield a plot
which is dense enough to evaluate the convergence behavior.
The converged value was estimated by fitting a decaying expo-
nential function into the obtained curve (Fig. 10, S6-S8t). In
all cases it was possible to obtain converged values with an

additional estimated error of about 4 ppm for the predicted
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt00928f

Open Access Article. Published on 30 June 2025. Downloaded on 10/28/2025 5:04:44 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Dalton Transactions
1700 &
»2x1x2 o
\ T e
\ \ L;J
1650 %
£ N
& 5
£ 1600 \
o2xexd
1550 L
T 3x2x2
el O g
1500 ———=8
3 4 5 6 7 8 9 10 11
02;(17(?(7 /A
Fig. 10 Isotropic chemical shielding 652 convergence plot for the Gajy, defect, resulting in an isotropic chemical shielding value of 1503.1 +

3.9 ppm extrapolated to an infinitely large supercell. Plotted are the isotropic chemical shielding 652 values against the shortest Ga—Ga distance in

iso

the different supercell dea-ca- The dea-ca distance is illustrated on the example of a 2 x 1 x 2 supercell. The isotropic chemical shielding 65 values
for the different sized supercells (points are labeled with the corresponding supercell) are shown in Table S3.}

chemical shift sP™

180
using the above mentioned conversion formulas (Fig. 8, and
Table S37).

For all defect models the energy of the model was mini-
mized by optimizing the positions of the atoms in a quantum-
chemical calculation, which hereinafter is referred to as “relax-
ation”. By relaxation the structure of the defect in (a) the Ga-O
bonds become shorter, forming an almost ideal tetrahedron,
while the distances to the next environmental sphere
increase.>® The relaxation conserves the point group symmetry
C;, of the site. Based on the pseudo symmetry Ty, a small
quadrupolar coupling Cq is expected, while an asymmetry
parameter ngred of zero is the consequence of the C;, symmetry
of the defect.

In (b) the gallium atom is originally located in a coordi-
nation with an O, pseudosymmetry.*” By relaxation the
gallium atom shifts along the c-axis, resulting in the formation
of three shorter and three longer Ga-O bonds. The point
group symmetry of this defect is Cs,. The symmetry is consist-
ent with a low quadrupolar coupling Cgred and an asymmetry
parameter ngred of zero (Table 1).

The Ga;j,, defect in (c) exhibits a tetrahedral coordination
in its unrelaxed state. During relaxation, due to electrostatic
repulsion between the cations, the Zn>" ion of the edge-
sharing ZnO, tetrahedron, is shifted onto an octahedrally co-
ordinated interstitial position, similar to the one previously
discussed for the Gajy,, defect. Taking these changes into
consideration, the relaxed Gajr.,, defect would need to be
assessed as a [Gaj"" + V'’ z, + Zn;"| defect. Relaxation causes a
reduction in the point group symmetry to Cs. Therefore, a high
quadrupolar coupling Cgred and an asymmetry parameter ngred
unequals zero are expected. This behavior differs from the one

. These values could then be converted

MO4 | Dalton Trans., 2025, 54, 11095-1111
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previously reported for the similar aluminium defect, in which
no zinc vacancy is generated.*’

The coupled defect [Gay, + V'’ z,] in (d) consists of a Gay,
defect and a V'’ z, defect, located in the first coordination
sphere of the Ga;,, defect®® along the c-axis. During the relax-
ation process no significant change in the atomic coordinates
occurred, resulting in a point group symmetry of Cy, giving rise
to a considerable quadrupolar coupling Cgred and an asymme-
try parameter ngred unequals zero.

3.6 Point defects in nano-scale ZnO:Ga

In this subchapter the predicted finger-print for different
point defects is compared with the experimental results.
Experimentally, a "'Ga MAS NMR resonance with a chemical
shift &0 of 213 ppm, a quadrupolar coupling with a magni-
tude |Co" | of roughly 3 MHz and a low quadrupolar asymme-
try parameter ng(p could be determined for the signal occur-
ring at low substitution ratios xg,. By exclusion principle it will
be discussed which defects in principle are consistent with the
experimental observations.

Defects in (c) and (d) exhibit a large quadrupolar coupling
Cgred as well as a non-zero quadrupolar asymmetry parameter
ngred, which clearly rules out the defects Gajj.,, and
[Gay, + V' ' zn], because of the mismatch between expected
and experimentally observed lineshape in 7'Ga NMR (see
Fig. S97).

The remaining two defects (a) and (b) both would result in
a relatively narrow lineshape matching the ones of the experi-
mental spectra. However, the difference in coordination
number of the Gaj,, and the Gaj, defect is expected to
produce a significant change in isotropic chemical shift,
which is consistent with predicted values from quantum

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt00928f

Open Access Article. Published on 30 June 2025. Downloaded on 10/28/2025 5:04:44 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

View Article Online

Paper

40

35+

30

25

204 m

A/m /a.u.
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cation-based molar gallium fractions xg,. The NMR spectra were excited with a selective /2 pulse. The lines to interpolate the substitution limit
were obtained by fitting linear functions into the corresponding data points.

chemical calculations. This results in an unambiguous assign-
exp _

ment of the "'Ga signal at &0 = 213 ppm to the Ga;, defect
(see Fig. S91). We note in passing, that the signal assignment
is consistent with the shift of the Al;, defect in ZnO of &0 =
82 ppm applying a correlation found between *’Al and "'Ga
shift data established for isostructural solids, which suggests
an isotropic chemical shift value of 227 ppm.*>**

In order to access the solubility limit of the Ga;, species in
ZnO by 7'Ga MAS NMR, the peak area per mass was quantified
as a function of the substitution ratio xg,. To this end the line-
shape parameters, which were used to deconvolute of different
resonances, are determined by fitting of the signals of the
extreme substitution ratios. Then only the peak areas for the
individual peaks were fitted which removes ambiguity in the
fitting process introduced by the observed strong signal
overlap (Fig. 11).

An increase of the signal area per mass of the resonance at
;0 =213 ppm up to around Xg, = 0.03 gallium concentration
can be observed which then levels off to an almost constant
value (Fig. 11). The solubility limit is estimated by fitting to
linear functions into the rising part and the plateau, respect-
ively and by determining their crossing point, which indicates
a solubility limit for the Ga;, species of about nominal substi-
tution ratio xg, = 0.029 (xga(AAS) = 0.022). From PXRD the
lattice parameter ¢ showed marked deviations from a Vegard-
like behavior for xg, > 0.04, which would roughly coincide with
the limit found by "'Ga MAS NMR. Apparently, other factors
influence the further evolution of lattice parameters and crys-
tallite size beyond this limit. One may speculate that this
could be the hindrance of crystallite growth by an amorphous,
Ga-containing matrix or Ga>" being attached to specific crystal-

This journal is © The Royal Society of Chemistry 2025

lite surfaces, giving rise to the observed change in the appar-
ent crystallite shape.

3.7 Surface characterization of nano-scale ZnO:Ga by NMR

A remaining question is if the different "'Ga resonances can
be associated with the bulk of the ZnO particles or the surface.
To this end two different experiments were applied: surface
characterization of the nanoparticles by paramagnetic impreg-
nation (PASPA) and "'Ga{'H} rotational-echo double resonance
(REDOR) experiments.

In order to distinguish the gallium signals arising from the
inside of the ZnO:Ga particles from those from the particle
surface, the surface of ZnO:Ga was impregnated with manga-
nese(u)-acetylacetonate according to the procedure described
in reference.*® 7'Ga paramagnetically assisted surface peak
assignment (PASPA) NMR measurements were performed on
ZnO:Ga samples with xg, = 0.03 and xg, = 0.1 (Fig. 12). The
condition, that the particles must be smaller than 20 nm for
PASPA to cause big enough peak changes, is met (see results
from PXRD above).

Acetonitrile was selected as solvent for the paramagnetic
agent, as it has been shown to keep the surface of doped ZnO
nanoparticles intact.*®

Only a single "'Ga resonance at &, = 213 ppm is observed
corresponding to the Ga;, defect in case of ZnO:Ga with a
gallium content of xg, = 0.03. By "'Ga PASPA a suppression
ratio Ry close to zero is determined for this species, as there
is no significant change present between peak of the reference
and the paramagnetically impregnated sample. This indicates
that the Ga},, species is located in the particle bulk of the ZnO
nanoparticles.

Dalton Trans., 2025, 54, 1095-111 | 11105
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Fig. 12 'H decoupled *Ga PASPA MAS NMR of ZnO:Ga with xg, = 0.03 (a) and xg, = 0.1 (b) recorded at 20 kHz rotation frequency, comparing the
as-made sample (purple spectrum) to the reference sample (black spectrum), the acetonitrile blind test sample (red spectrum) and the paramagneti-

cally impregnated sample (blue spectrum).

A suppression ratio Ry, of 0.23 is determined for the reso-
nance at &;,0 = 213 ppm for the sample with a gallium content
of xg, = 0.1 by 7'Ga PASPA. This can be explained by an overlap
of the NMR resonance of the Ga;, defect in ZnO with a second
resonance of a fourfold coordinated Ga atom (“GaO,”) in an
amorphous/disordered side phase, which is close to the par-
ticle surface (see Fig. 7). Additionally, a sixfold coordinated Ga
species “GaOg” could be resolved for the sample with a
gallium content of xg, = 0.1. This species also shows a high
suppression ratio in 7'Ga PASPA, which means that both
species can be attributed to the surface. The presence of five-
fold coordinate Ga atoms “GaOs” can neither be confirmed
nor rejected because of the limited resolution in direct exci-
tation 7'Ga NMR. A MQMAS was impossible because of the
limitations in signal to noise ratio at the given substitution
ratios.

Because hydrogen atoms played an important role for
surface defects of Zn0:Al,*° it was necessary to evaluate if this

is also the case for the ZnO:Ga surface. To this end 'H PASPA
experiments were performed (Fig. 13).
The as-made ZnO:Ga exhibits two different H environments

1,® corresponding to a resonance at d.° =

similar to ZnO:A oo

2 ppm and one at &0 = 4.3 ppm, respectively. The latter signal
can be assigned to H,O molecules on the particle surface,
which are removed under vacuum. The other resonance is
assigned to hydroxyl functions. Their peak shows a high sup-
pression ratio in 'H PASPA, giving strong evidence for the
claim that hydroxyl functions are located close-to or on the
particle surface. The high suppression ratios observed in 'H
PASPA indicate that the amount of hydrogen in the bulk of the
ZnO particles is negligible.

This scenario can further be corroborated by "'Ga {'H}
REDOR experiments (Fig. 14). In contrast to the signal of Ga},
in ZnO, the GaOs signal exhibits a fast and complete dephas-
ing, proving the presence of 'H in close proximity to all of the
GaOg groups. As the 'H species could be assigned to the par-

As made

Reference

Acetonitrile blind test
Paramagnetically impregnated

T T
20 15 10

1 ) |
—10 d/ppm

Fig. 13 'H PASPA MAS NMR of ZnO:Ga with xg, = 0.03 recorded at 20 kHz rotation frequency, comparing the as-made sample (purple) to the
reference sample (black), the acetonitrile blind test sample (red) and the paramagnetically impregnated sample (blue).
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Fig. 14 7*Ga {*H} REDOR NMR curves using the universal dephasing scale 7,q4; "> of the "*Ga MAS NMR signals at 55 = 213 ppm (left; Gay,) and

5 =

obs

Iso

50 ppm (right; GaOg), of as-made ZnO:Ga with xg, = 0.03 for the Gay,, defect and xg, = 0.15 for the GaO¢ defect. The upper dotted line

corresponds to the heterogeneous error and the lower dashed line corresponds to the homogeneous error.”* The measurements were performed at

20 kHz spinning frequency.

ticle surface, it can be concluded, GaOg species can only be
found at the surface of the nanoparticles.

On the basis of the previous findings a model for the ZnO:
Ga nanoparticle is suggested which is in agreement with all
presented observations (Fig. 15). For low Ga substitution ratios
XGa, Z0 atoms in the crystalline particle core (55,0 = 213 ppm)

are substituted by gallium cations up to a solubility limit of
about xg, = 0.029 (xga(AAS) = 0.022). Additional gallium

cations, exceeding this limit, are not incorporated into the
crystal bulk anymore, but into an amorphous/disordered
surface layer surrounding the crystalline ZnO core. GaO,4, GaOg
and potentially GaOs species are present in this surface shell.
The amorphous shell further contains hydrogen atom contain-
ing defects in the form of water and hydroxyl functions. Given
that the particles did not show a Knight-shift of "'Ga reso-
nance, it can be concluded that the additional electrons intro-

Doped Doped Ga-rich Doped Ga-rich
HZ Zn,Ga LDH Zn,Ga LDH
Doped HZ Z ’ % @
. Gay, doped Gay, doped Gay, doped  Highly defective
320°C ZnO needles ZnO platelets ZnO platelets Ga-enriched ZnO
Zn0:Ga ‘ #
Amorphous surface layer Amorphous surface layer
with disordered GaOyss with disordered GaOyss
and OH-groups and OH-groups
[ B |
0.0 0.029 0.1
Xga—>

Fig. 15 Model for the structural and compositional changes in hydrozincite and ZnO with increasing gallium content. For samples below the solu-
bility limit of xga = 0.029 (xga(AAS) = 0.022), solely doped hydrozincite platelets are present, which result in ZnO:Ga needles after calcination. In the
concentration region 0.029 < xg, < 0.1 aside from the doped HZ also first larger platelets corresponding to a Zn,Ga LDH are potentially forming. The
corresponding ZnO:Ga after calcination exhibits a smaller crystallite size and resulting in a more platelet-like morphology compared to lower
gallium concentrations. The excess is deposited along the OH-groups in an amorphous surface layer with an unknown composition including Ga, H,
O and potentially Zn. Above xg, = 0.1 (xg,(AAS) = 0.087) the formation of the Zn,Ga LDH becomes more dominant, giving rise to bigger highly-
defective Ga-enriched ZnO platelets after calcination.
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duced through Ga as an n-dopant are compensated for
example by the formation of -O~ groups in the surface of the
particles or by color center in ZnO.*’

4. Conclusions

The incorporation of Ga into nanocrystalline ZnO synthesized
via the low-temperature decomposition of hydrozincite has
been studied by PXRD, electron microscopy, gas adsorption
and NMR. As expected from the ionic radii, a higher solubility
limit of Ga in ZnO as compared to Al in ZnO could be
achieved. The experiments provide evidence for a detailed
model with a disordered/amorphous surface and a crystalline
ZnO core of the nano-scale high-surface materials, which
follows the example of ZnO:Al synthesized via the same route.
The structural insight will help to improve the catalytic activity
of ZnO support materials with different promoter ions.

Besides conversion formula for computed shielding para-
meters and quadrupole parameters are provided, which could
be applied in NMR studies of other gallium oxides.
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