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Abstract

Gallium (Ga) and aluminum (Al) belong to group IIIA elements in the periodic table.
They show a coupled geochemical behavior in most natural systems, and are considered as
“geochemical partners”. However, compared with the principal oxyhydroxides of Al in nature,
gibbsite (AI(OH)3;), boehmite (y-AIOOH), and diaspore (a-AIOOH), only the analogs
sohngeite (Ga(OH)3) and tsumgallite (a-GaOOH) were reported. In this work, boehmite-type
GaOOH (y-GaOOH), a new polymorph of GaOOH, was synthesized for the first time using
boehmite (y-AIOOH) as a template. The synthesized y-GaOOH was characterized by a series
of techniques including X-ray diffraction (XRD), high angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and selected area electron diffraction
(SAED). Furthermore, a model based on the boehmite structure was successfully applied to
define the y-GaOOH structure by the Rietveld method. Results from sample characterization
and structural refinement support the successful synthesis of boehmite-type GaOOH, and thus
it is referred to as y-GaOOH. The synthesis of y-GaOOH in laboratory is valuable to
understanding the Ga geochemistry and its enrichment process in Ga-rich boehmite in coal

and bauxite.
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Introduction

Gallium (Ga) is an important strategic resource and has been widely used in the
manufacturing of semiconductor devices (Ji et al., 2021), such as integrated circuits (Zhan et
al., 2020), optoelectronics (Sutter et al., 2020), photovoltaic solar cells (Ramanujam et al.,
2017), and many modern high-tech fields, including 5G communication (Lv et al., 2019) and
Internet of things (Braniste et al., 2020), etc. The global Ga demand is projected to increase
12-fold by 2050 (Eheliyagoda et al., 2019). Thus, the prospecting and exploitation of Ga
resources in nature have become ever important for meeting the increasing demand for Ga
(Gladyshev et al., 2015). However, Ga usually occurs as a trace element in a range of minerals
(e.g., bauxite and Zn ores), and therefore, no mines endowed of Ga as main commodities have
been discovered so far (Shao et al., 2018; Ji et al., 2020; Zhan et al., 2020). As a consequence,
the bulk of the global Ga derived from bauxite (e.g., karst-type bauxites) and Zn ores (e.g.,
Mississippi Valley Type) is exploited as a by-product from Al and Zn production (Lu et al.,
2017; Xue et al., 2019; U.S. Geological Survey, 2021). According to Seredin et al. (2013), the
average Ga contents in bauxite are approximately 50 pg-g”, with a total amount estimated
over 1 billion kg (Lu et al., 2017), which contribute almost 90% of the annual global Ga
supply (Maarefvand et al., 2020). The identified worldwide Zn ores account for about 0.1
billion kg of Ga (Corathers et al., 2017), which correspond to nearly 10% of the global
production of Ga (Frenzel et al., 2016). As the by-product of Zn and Al production, the Ga
production is inevitably affected by the exploitation of the main commodity (Frenzel et al.,
2016). Nevertheless, in the past two decades, the enrichment of Ga was also discovered in
coal, with some of them far higher than the industrial grade (30 pg-g") (Dai et al., 2006a,
2006b, 2008, 2012; Zhou et al., 2010; Zhao et al., 2009; Wang et al., 2011; Mastalerz et al.,
2012; Sun et al., 2013; Qin et al. 2015; Qiao et al., 2016; Saikia et al., 2016; Shao et al., 2018).
According to a rough estimate, coal deposits account for approximately 10 billion kg of Ga
(Zhao et al., 2020), which represent almost ten times the amount of Ga estimated in bauxite
and Zn ores. However, so far, the reports about Ga exploitation from coal are rare and the

yield is not high (Bielowicz et al., 2020).
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In natural systems, Ga is found primarily in trivalent oxidation state (Schulz et al., 2017).
Ga®" can exist in the form of Ga(OH)s, due to its metastability, which would spontaneously
transform into a-GaOOH (Wang et al., 2011). Ga and Al have similar geochemical behavior
resulting from similarities in oxidation state, amphotericity, coordination, and ionic radius
(Rytuba et al., 2003). Therefore, during weathering of aluminosilicate-rich rocks (e.g., tephra
and granite), they both behave as immobile elements and are enriched in newly formed
oxyhydroxides species (Rytuba et al., 2003). As a consequence, Ga often occurs in Al-bearing
minerals (Dai et al., 2006a; Kato et al., 2017). Compared with gibbsite (AlI(OH);), diaspore
(a-AIOOH) and boehmite (y-AIOOH), only the analogs séhngeite (Ga(OH);) and tsumgallite
(a-GaOOH) were reported. In particular, a-GaOOH is isostructural with a-AIOOH, and they
are thermodynamically stable oxyhydroxides of Ga and Al under ambient conditions (Foley et
al, 2017). It appears that Ga should be more readily enriched in diaspore rather than boehmite
and gibbsite in the form of a-GaOOH. However, Dai et al. (2006a) suggested that Ga in coals
from the Heidaigou Mine exists mainly in boehmite rather than other Al-bearing minerals
such as diaspore. Except for Heidaigou Mine, Ga enriched in boehmite were also reported by
some other studies (Dai et al., 2008, 2012; Wang et al., 2011; Sun et al., 2013; Schulte et al.,
2014; Abedini et al., 2019). However, up to now, the enrich process and occurrence of Ga in
boehmite are still unclear.

In this work, boehmite was used as a template to induce the precipitation of
boehmite-type GaOOH (y-GaOOH), and the structure of y-GaOOH was characterized by
several methods. The successful synthesis of y-GaOOH not only enriches the family of Ga
compounds, but also provides a new perspective of Ga geochemistry and occurrence in

natural systems.

Materials and methods

Materials
All chemicals used in this work were of analytical grade and were used as received.

Purified water purchased from Hangzhou Wahaha Group Co, Ltd was used in all the
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experiments. NaOH (>96%, CAS No.1310-73-2), HCI solution (36%-38%, CAS
No.7647-01-0), Ga(NO3)3-xH,0 (99.9%, CAS No0.69365-72-6), AI(NO3)3-9H,0 (>99%, CAS
No.7784-27-2) and (NH,),CO (=99%, CAS No.57-13-6) were purchased from Sinopharm
Chemical Reagent Co., Ltd.

Preparation of boehmite-type GaOOH (y-GaOOH)

Boehmite were first synthesized following the procedure of Dubey et al., (2017), and the
detailed experimental process was depicted in Supporting Information (SI). Boehmite-type
GaOOH (y-GaOOH) was prepared with the boehmite as a template at pH 2.0 and 70 °C in
solution. Firstly, the Ga®* solution was prepared by dissolving 73 mg Ga(NO;);'xH,0O with
100 mL purified water, and the initial pH of the Ga** solution was adjusted to pH 2.0 by a 0.1
mol L™ of HCI solution. Subsequently, 0.1 g of boehmite powder was dispersed into the Ga®*
solution. After ultrasound treatment for 5 min, the suspension was transferred to a sealed glass
bottle, and let stand in a 70 °C oven for 3 days. The product was collected by centrifugation,
washed with purified water three times, and dried in a 30 °C vacuum oven for 24 h. For
comparison, the reaction of boehmite, diaspore, gibbsite, corundum or without template in
Ga’" solution with broader temperature conditions (60, 80 and 150 °C) were also conducted

by the same procedures.
Sample characterization

X-ray diffraction (XRD) analysis of the samples was conducted using a Japan Rigaku
Smart Lab at 40 kV and 200 mA equipped with graphite-monochromatized Cu Ka irradiation
(A =1.541841 A) with a step of 0.01° and scanning rate of 0.03° s, and a Ni filter was used
to remove Kg radiation. The crystal structure was verified and refined using the Rietveld
method using general structure analysis system (GSAS) software with EXPGUI interface.
Structural refinements of the two phases in the product were conducted using the boehmite
structure as the input model, with space group Cmcm and initial lattice parameters of a =
3.6936 A, b=12.2140 A, and ¢ = 2.8679 A (Christoph et al.,1979). The background of the

XRD pattern was simulated using the function of “Chebyschev polynomial of the first kind”
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with 36 coefficients. The peak profile was modeled by “CW profile function 3” in the GSAS
software, which is a variation of the pseudo-voigt function. No restraints or constraints were
adopted. The zero-error was not considered because the Japan Rigaku SmartLab X-ray
diffractometer has been corrected using standard samples (silicon powder) regularly. In
addition, the isotropic atomic displacement parameters were varied in the refinement process.
Typically, in the XRD pattern, the main phase is y-AIOOH. Hence, the y-AIOOH structure
was refined first. As for y-GaOOH, the scale factor (phase fraction) was firstly adjusted to a
suitable value. Then, the unit cell parameters were refined. In the following refinement
process, the scale factor and unit cell parameters were varied together. In the next step, the
peak profile was refined to obtain a good peak shape. In the final step, the atomic positions
and the isotropic displacement parameters was refined.

The morphology of the samples was characterized by a cold field-emission scanning
electron microscopy (FESEM, HITACHI SU8220). Transmission electron microscopy (TEM)
and selected area electron diffraction (SAED) analyses were performed on a JEM-2100Plus
transmission electron microscope with an accelerating voltage of 200 kV. Probe
aberration-corrected JEOL ARM-200F field emission transmission electron microscope was
employed to obtain the high angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images and element mappings of the samples with an

accelerating voltage of 200 kV.

Results and Discussion

Characterization of boehmite-type GaOOH (y-GaOOH)

After introducing the template boehmite in Ga®" solution, the suspension was reacted at
70 °C for 3 days. The morphology and texture of the product were characterized by TEM. As
shown in Fig. 1a, a definite contrast difference is observable among the nanoplates, hinting
towards the presence of two different phases in the product. Comparing with the TEM images
of the template boehmite (Figs. 1b and S1c), the nanoplates with the lighter contrast (area 1 in
Fig.1a) should be boehmite template. Interestingly, the nanoplates with the darker contrast

(area 2 in Fig.la) are orientationally attached to the boehmite crystal, forming a
6
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heterostructure, and the boehmite template was partially dissolved relative to the boehmite
prototype (Figs. 1b and Slc). Fig. lc-f shows STEM-EDS mappings and corresponding EDS
spectra collected from the product. The EDX mappings revealed their biphasic nature of the
synthesized product. Specifically, the EDS spectrum (Fig. le) collected from the nanoplate
with the lighter contrast detected a composition matching with boehmite (i.e., 30 at. % of Al
and 68 at. % of O, with O/Al atomic ratio close to 2). The observed trace amount of Ga (0.70
at. %) may be attributed to Ga adsorption on boehmite. On the contrary, the spectrum (Fig. 1f)
collected from the darker nanoplate demonstrates that the O/Ga atomic ratio is also close to 2,
with 31 at. % of Ga and 68 at. % of O. A trace amount of Al (0.47 at. %) are evenly distributed
in the whole area, indicating that no obvious Al enrichment in Ga-rich phase. In addition, as
shown in Supplementary Fig. S2, the low magnification EDS analyses of the product
demonstrate that the Al/Ga atomic ratio is close to 10, indicating that the product is mainly
composed of boehmite, and the Ga-rich phase accounts for only a small part of it.

Figure 2 shows XRD pattern of the product. Besides those diffraction peaks (marked by
black dots) that can be indexed to boehmite, a series of new peaks (marked by red asterisks) at
20 =127.3,37.2,44.1,47.2,47.8, 53.6, 61.5, 62.1, 65.4 and 69.3° appear. Combined with the
mapping and EDS results (Fig. 1c-f), it follows that the new diffraction peaks should originate
from the Ga-rich phase in the product. It is worth noting that these diffraction peaks cannot be
indexed to any possible phase of known Al and/or Ga compounds. Interestingly, the new
peaks are always shifted towards higher d-spacings of each diffraction peak of boehmite
except for the (020) diffraction peak located at 20 = 14.4°. As shown in the inset of Fig. 2, the
magnified XRD pattern in the 26 range of 13-16° clearly reveal that the strongest diffraction
peak slightly shifts towards higher d-spacing compared to the (020) diffraction peak of
template boehmite. Considering that the lattice parameters of boehmite do not change after
reaction, the shifts can be attributed to the superposition of the (020) diffraction peak of
boehmite and a new diffraction peak. Generally, when foreign ions with a larger size are
incorporated into the lattice of host crystal, some interplanar spacings of the doped crystal
would increase. Correspondingly, the diffraction peaks shift to lower 20 angles. Therefore, the

set of new diffraction peaks in Fig. 2 may derive from the Ga-substituted boehmite.
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Combined with the STEM-EDS results, where the O/Ga atomic ratio of the new phase is close
to 2, consistent with O/Al atomic ratio of template boehmite, it can be concluded that the
Ga-rich phase in the product is isostructural with boehmite, with an ideal formula GaOOH.

In order to verify crystal structure of the Ga-rich phase, Rietveld analysis of the XRD
data was carried out using GSAS. Because the Ga-rich phase in the product is isostructural
with boehmite, the starting atomic parameters of the two phases (y-AIOOH and Ga-rich phase)
in the product were both taken from those of boehmite. Figure 3 shows the refinement results,
and the corresponding refined lattice constants are presented in Table 1. The refinement
results indicate a good fit between the observed and calculated XRD patterns, with the final
refinement converging to the residual factor Ry, = 7.27% (Fig. 3). The good agreement with
boehmite indicate that the synthesized Ga oxyhydroxide is indeed isostructural with boehmite
(y-AIOOH). The results listed in Table 1 also indicate that y-AIOOH is 96.2% (mass fraction),
and Ga-rich phase is 3.8% in the product, which is consistent with EDS analyses (Fig. S2).
Moreover, the Ga-rich phase possesses lattice parameters of a = 3.8555 A, b=12.3287 A, ¢ =
2.9894 A and V = 142.0995 A’ (Table 1), slightly larger than boehmite. These results further
support the XRD analyses (e.g., Fig. 2). Therefore, the Ga-rich phase can be referred to
v-GaOOH.

The nanoscale structure of the intergrowth between boehmite template and growing Ga
oxyhydroxide was also determined through local atomic imaging of HAADF-STEM. For the
Al-rich phase, the high-resolution lattice fringes (Fig. 4a) have the d spacings 0.142, 0.202
and 0.231 nm in adjacent angles of 90° and 54°, and these values match with the dyp2, doso and
do31 of boehmite (JCPDS No. 21-1307) and their interfacial angles. In the case of Ga-rich
phase, as shown in Fig. 4b, two lattice fringes with spacings of 0.142 and 0.149 nm in an
angle of 61.3° were detected. These fringes are consistent with the calculated d,7; and dop,
values of y-GaOOH from the refinement. The SAED pattern (Fig. 4c) of the Al-rich phase
taken from area 1 in Fig la was also fully indexed to (002), (062), and (060) planes of
boehmite with [100] zone axis. Furthermore, the SAED pattern (e.g., Fig. 4d) of Ga-rich
phase taken from area 2 in Fig la shows the similar setting of diffraction spots to boehmite

(Fig. 4¢), indicating that they have same crystal structures. The measured interplanar distances
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of the Ga-rich phase are 0.150, 0.209 and 0.242 nm, corresponding to doo, doso and doz; of
v-GaOOH oriented along the [100] zone axis according to the refinement results. These

values are about 3.5-5.5% larger than the lattice distances of do,, doso and dos; of boehmite

(0.142, 0.202 and 0.231 nm), consistent with the XRD results.

Formation mechanism of y-GaOOH

The growth process of y-GaOOH was tracked by characterizing the product using TEM
after keeping boehmite template in Ga®" solution for different times. As shown in Fig.5, the
size of original nanosheets with lower brightness gradually decreases, indicating that the
boundary of boehmite template continuously dissolved with prolonging reaction time. After 1
day of reaction (Fig. 5b), many irregular small nanosheets with sizes from 10 to 40 nm and
lower brightness were formed and orientationally attached onto boehmite boundaries. As
reaction time extended to 3 days, the newly formed nanosheets grew into larger and perfect
nanosheets (100 nm to 300 nm) (e.g., Figs. 5¢ and 1a), indicating the unceasing growth of
v-GaOOH. To identify the interfacial relationship between the boehmite template and the
growing Ga oxyhydroxide, the STEM-EDS mapping and line scanning at the intergrowth of
the two phases were conducted. According to the EDS line analysis results (Fig. 6a), there is a
clear transition of elements Ga and Al between y-GaOOH and boehmite template, which
corresponds to an interface between the two phases. Moreover, Fig. 6¢c-f clearly shows the
spatial distribution of Ga and Al, where Ga was confined to the upper left corner of the
sample, and Al was detected only in the lower right corner of the sample, indicating that the
v-GaOOH grew on specific crystallographic planes of boehmite template and no obvious
atomic substitution occurred in both phases. Based on the above experimental results and the
former crystal structure analysis for y-GaOOH and boehmite, an epitaxial growth mechanism
for y-GaOOH is proposed. As depicted in Fig. 7. First, boehmite would be partially dissolved
under initial acid conditions. Second, because of the same unit cell properties of y-GaOOH
and y-AlOOH, Ga can preferentially deposit on boehmite grain boundary as y-GaOOH instead
of Al during boehmite dissolution process, where the local concentrations of OH™ and the
supersaturation degree for y-GaOOH in the diffusion layer of boehmite template are higher

than those in the bulk solution. Therefore, the nucleation of y-GaOOH on the edges of
9
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boehmite is easier than that in the bulk solution. Third, as the reaction continues, the
v-GaOOH can further nucleate and grow on the boehmite template via secondary nucleation
and epitaxial growth. In addition, the synthesis experiments with the temperature ranging
from 60 to 150 °C also demonstrate that y-GaOOH can be obtained over a wide temperature
range, as shown in Supplementary Fig S3. In contrast, no y-GaOOH was produced without
boehmite template in the control experiments. In particular, when using diaspore
(orthorhombic, space group Cmcm), gibbsite (monoclinic, space group P2/c) and corundum
(thombohedral, space group R3c) as the template, no y-GaOOH can be obtained, indicating
that the lattice match is pivotal to the formation of Ga oxyhydroxide, which further supports

the boehmite template-based heteroepitaxial growth to control the formation of y-GaOOH.

Implications

Ga is a moderately incompatible element, and behaves like Al during magmatic
differentiation and supergene geochemical process (e.g., de Argollo and Schilling, 1978;
McDonough, 1990; Wen et al., 2021). Although natural Ga reserves are relatively substantial,
Ga rarely forms independent or high-content minerals. It usually disperses in small amounts
in some minerals and substitutes for elements such as Al and Zn (U.S. Geological Survey,
2021). The distribution of Ga among different mineral phases depends on numerous factors
including strong bonding of Ga with organic matter (e.g., graphite), isomorphism with Al, Fe
and Zn, and adsorption on clay minerals and iron oxides (Yuan et al., 2021). Most Ga
incorporated into clay minerals is inherited from feldspars and micaceous minerals
undergoing weathering, where Ga and Al behave identically through the series of mineral
transformations from feldspar to kaolin or gibbsite (Gilkes et al., 1973). Moreover, Ga-Al
fractionation can also occur under extreme weathering conditions (Young and Nesbitt, 1998).
For example, the average Ga/Al ratio in saprolite (2.1x10) is lower than that of the regolith
for basaltic weathering (2.6x10™*) (Hieronymus et al., 2001). Nevertheless, Ga is usually
enriched in Al ore deposit such as bauxite, which contributes 90% of current industrial Ga.
Boehmite, as the main Al species in bauxite, as well as the precursor of diaspore, is the most

important carrier of Ga (Schulte et al., 2014; Abedini et al., 2019). In addition, boechmite in
10
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coal was also reported to be enriched in Ga, with some of them far higher than the Ga
industrial grade (30 pg-g™") (Dai et al., 2006a, 2008, 2012; Wang et al., 2011; Sun et al., 2013).
However, limited information is available concerning the studies of Ga in boehmite. Our
results provide insight into the incorporation of Ga in boehmite, and indicate that boehmite
can act as a structure template to enrich free Ga, and epitaxially induce nucleation and growth
of y-GaOOH. This process occurred at as low as 60°C, which matches with the formation
conditions of bauxites and coal-related boehmite to a certain extent. Therefore, it can be
anticipated that y-GaOOH as a potential Ga mineral is concomitant with boehmite in nature.
Our study also provides a potential migration, enrichment and mineralization mechanism of
Ga, which will improve the understanding of the geochemical processes and occurrence of Ga

in nature.
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410 Table 1 Structural parameters and phase fractions of y-GaOOH and boehmite in the product

411 obtained from Rietveld analysis of XRD data
Fraction of
Lattice Parameters Atomic positions Uiso
Sample phase (Sigmas)
(Sigmas) (Sigmas)
Atom X y (Sigmas) z
a=3.7116 A 0.683 0.08859 A®
Al  0.25 0
(0.000224) (0.000215) (0.090000)
b=12.2284 A 0.287 0.04505 A? 96.2%
Ol 0.25 0
Boehmite (0.000793) (0.000252) (0.091000) (0.000063)
c=2.8699 A 0.080 0.05739 A?
02 0.25 0
(0.000216) (0.000295) (0.106000)
V =130.259 A®
a=3.8555A 0.672 0.02636 A?
Ga 025 0
(0.000478) (0.000374) (0.112000)
b=12.3287 A 0.288 0.02347 A?
Ol 0.25 0 3.8%
y-GaOOH (0.002090) (0.001127) (0.565000)
(0.000280)
c=2.9894 A 0.080 0.02849 A?
02 0.25 0
(0.000480) (0.001134) (0.569000)
V =142.099 A®
412
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Figure Captions

. 1 TEM images of the synthesized product (a) and template boehmite (b), STEM-EDS
elemental mappings (c-d) and EDS spectra (e-f) of the synthesized product.

. 2 Representative XRD pattern for the synthesized product. Inset in Fig. 2: local
zoomed-in of the XRD pattern over 20 range of 13-16°.

. 3 Rietveld analysis of XRD data for the synthesized product.

. 4 Atomic-resolution HAADF-STEM images (a and b) and selected area electron
diffraction (SAED) patterns (c and d) collected from areas 1 and 2 in Fig. 1a.

. 5 TEM images of boehmite (a) and boehmite after 1(b) and 3 days (c) of reaction.

6 HAADF-STEM image and STEM-EDS line scanning (a) and corresponding

STEM-EDS elemental mappings (c-d) at the intergrowth of the two phases in the

product.

. 7 Schematic representation of the proposed formation mechanism for y-GaOOH.
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