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Synthesis and Nanostructure Investigation of Hybrid f-Ga,0;/
ZnGa,0, Nanocomposite Networks with Narrow-Band Green
Luminescence and High Initial Electrochemical Capacity

Niklas Wolff,* Tudor Braniste, Helge Kriiger, Sebastian Mangelsen, Md Redwanul Islam,
Ulrich Schiirmann, Lena M. Saure, Fabian Schiitt, Sandra Hansen, Huayna Terraschke,

Rainer Adelung, lon Tiginyanu,* and Lorenz Kienle*

The material design of functional “aero”-networks offers a facile approach to
optical, catalytical, or and electrochemical applications based on multiscale mor-
phologies, high large reactive area, and prominent material diversity. Here in this
paper, the synthesis and structural characterization of a hybrid #Ga,0;/ZnGa,0,
nanocomposite aero-network are presented. The nanocomposite networks are
studied on multiscale with respect to their micro- and nanostructure by X-ray dif-
fraction (XRD) and transmission electron microscopy (TEM) and are characterized
for their photoluminescent response to UV light excitation and their electrochem-
ical performance with Li-ion conversion reaction. The structural investigations
reveal the simultaneous transformation of the precursor aero-GaN(ZnO) network
into hollow architectures composed of f-Ga,0; and ZnGa,O, nanocrystals with

a phase ratio of =1:2. The photoluminescence of hybrid aero-$-Ga,0;/ZnGa,0,
nanocomposite networks demonstrates narrow band (4., = 504 nm) green

light emission of ZnGa,O, under UV light excitation (4., = 300 nm). The evalu-
ation of the metal-oxide network performance for electrochemical application

for Li-ion batteries shows high initial capacities of =714 mAh g~' at 100 mA g™
paired with exceptional rate performance even at high current densities of 4 A g™
with 347 mAh g. This study provides is an exciting showcase example of novel
networked materials and demonstrates the opportunities of tailored micro-/nano-
structures for diverse applications a diversity of possible applications.

1. Introduction

In the past, significant research effort has
been devoted to the design, fabrication,
and characterization of engineered hollow
nanomaterial structures to examine new
functionalities based on their high-surface
area.'3l Such hollow micro- and nano-
structures introduce well-defined geomet-
rical boundaries and meso- to nanoscale
open volumes to allow for hierarchical
material architectures with increasing
compositional and morphological design
complexity, especially in the field of
metal oxides.[*’] Their structural features,
such as a low density and high surface to
volume ratio, as well as permeable and
porous shells, promote many unique phys-
iochemical properties advertising complex
hollow nanostructures for energy-related
applications including storage and con-
version, [ catalysis,1* gas sensingl!213]
or biomedical applications.’ Among this
class of hollow material structures, highly
porous and ultra-lightweight 3D networks
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offer outstanding high surface to volume ratios and design flex-
ibility for diverse functionalities.[>"1%]

In this respect, interpenetrating sacrificial tetrapodal ZnO
(T-ZnO) networks provide a rigid framework encouraging the
design of hollow-tube “aero”-networks with tailored porosities
of 50-94% and variable densities of < 2-5 mg cm™ offering
high functionality and functionalization capabilities. The intro-
duced template approach successfully interconnects nano-
scopic physical phenomena of microscale building units to the
macroscale, which is required for many applications. The high
diversity of this approach opens up a vast exploration space in
which manifold functional aero-materials based, for example,
on carbon species, metal nitrides or glass and polymers are
under investigation. Up to date, numerous reports include
aero-networks based on carbon species, for example, aero-
graphite?®l and aero-graphenel™®?!l nitride materials such as
aero-GaN(ZnO)222% and aero-BN24 and many others including
aero-Si,*’l aero-ZnS? and aero-Ga, 0.1l Further, their modifi-
cations by functionalization with metallic nanoparticles during
and after the synthesis have been demonstrated to improve the
catalytic performance.?®?% A wide range of possible applica-
tions becomes possible from microfluidics and pneumatic sys-
tems(® to optical light diffusion®? or photocatalysisi?®2l and
can be extended to bio-scaffolds and hydrogel templates as well
as supercapacitor structures.?” This heterogeneity in the mate-
rial selection and associated properties is driving fundamental
research to identify fabrication routes and new applications of
new ultralight weight and porous aero-networks.

In this work, a gallium oxide based aero-network structure
containing the spinel-type phase zinc gallate (ZnGa,0,) as a
majority component is developed based on the simple high-tem-
perature oxidation of aero-GaN(ZnO).?3! Like 3Ga,03, ZnGa,0,
belongs to the group of ultra-wide bandgap oxide semiconduc-
tors exhibiting a bandgap of 4.6-5.2 eV, paired with high chem-
ical and thermal stability.}!-33] Therefore gallium oxide phases,
especially ZnGa,0,, are investigated for their photocatalytic
applications or as gas sensors.>*-3% For in-depth information on
ZnGa,0,, the reader is referred to a review by Chen et al. high-
lighting all aspects from synthesis to applications.*’]

ZnGa,0, crystallizes in the normal spinel-type structure
(Fd3m), in which octahedral sites are occupied by Ga, forming
a network of edge-sharing GaO4 octahedra, like in f-Ga,0;,
and tetrahedral sites occupied by Zn. Due to their intrinsic
band structure, phase pure ZnGa,O, nanoparticle systems
have been studied as platform for optoelectronic applications
showing prominent phosphorescence of blue emission under
ultraviolet (UV, A = 254 nm) light excitation.33] The emission
spectrum can be tailored by introducing dopants on the tetra-
hedral sites of the host-lattice with rare earth®*® metal or Mn?*,
or Cr¥* ions®¥ to achieve green or red emission, respectively.
The morphology of the micro-/nanostructures is demonstrated
to impact the device performance as well, as hollow architec-
tures improve the photoluminescent/photocatalytic properties
due to enhanced scattering and reflection of incident light,
thereby increasing light harvesting efficiency.**-*1 With respect
to energy applications, ZnGa,O4based nanoparticles have also
been characterized regarding their electrochemical perfor-
mance for Li-ion batteries.***] Using the here described net-
worked material based on interconnected hollow metal oxide
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microstructures, an increase in the volumetric loading capacity
of Li-ions and improvement of its cyclic stability by the reduc-
tion of diffusion pathways could potentially be facilitated.!®!
This work focuses on the investigation of the solid-state
transformation reaction of aero-GaN(ZnO) networks into gal-
lium oxide-based aero-Ga,0;/ZnGa,0, networks and explores
their photoluminescent and electrochemical performance.
X-ray powder diffraction (XRPD) combined with Rietveld
refinements, in situ XRPD heating experiments, and TEM
investigations were carried out on selected samples of hybrid
gallium oxide nanostructures composed of [-Ga,0; and
ZnGa,0, phases. The growth of a ZnGa,0O, phase is a feature of
the epitaxially and chemically stabilized thin layer of ZnO(-rich)
phase on the interior wall of aero-GaN(ZnO) structures. The
annealing experiments further demonstrate the possibility to
tune the nanocrystalline structure by the choice of annealing
temperature. Studies of the network's optical luminescence
under UV light excitation demonstrate a transition from broad-
band visible light emission observed for aero-GaN(ZnO) toward
narrow green emission bands centered around 504 nm for the
hybrid aero-Ga,03/ZnGa,0, nanocomposite showing poten-
tial for application as high-temperature stable green phos-
phor. The electrochemical performance during cyclic voltam-
metry (CV) was tested and showed high initial capacities of
~714 mAh g~! at 100 mA g and exceptional rate performance at
high current densities of 4 A g™! with 347 mAh g!, which is par-
tially explained by the enhanced diffusion kinetics with highly
accessible surface regions well connected in the 3D-structured
network morphology with respect to nanoparticle agglomerates.

© 2023 The Authors. Small published by Wiley-VCH GmbH

85U8017 SUOWILLOD BA a1 3|t jdde au Aq peussnob are saolLe VO ‘8SN Jo Ss|n. 10} ARIqIT8UIIUO /8|1 UO (SUORIPUOD-PUR-SWIBI W00 A8 | 1M ATe1q U1 |UO//SdNL) SUORIPUOD pUe SW | 84} 885 *[6Z02/T0/TZ] Uo ARiqiTauljuo A8|IM TdN HeulH eAOpIOIN J0 91igndsy AQ 26202202 11WUS/200T OT/10p/wod A8 1w Areiqjpujuo//sdny wiouy papeojumod ‘8T ‘€202 ‘6289€TIT



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

[1] X. W. (David) Lou, L. A. Archer, Z. Yang, Adv. Mater. 2008, 20, 3987.

[2] A-H. Lu, F. Schiith, Adv. Mater. 2006, 18, 1793.

[3] F. Schiith, Angew. Chem. 2003, 115, 3730.

[4] L. Yu, X. Y. Yu, X. W. (David) Lou, Adv. Mater. 2018, 30, 1800939.

[5] L. Yu, H. Hu, H. B. Wu, X. W. (David) Lou, Adv. Mater. 2017, 29,
1604563.

[6] Y. Huang, X. Hu, J. Li, ). Zhang, D. Cai, B. Sa, H. Zhan, Z. Wen,
Energy Storage Mater. 2020, 29, 121.

[7] F. Ma, J. Lu, L. Pu, W. Wang, Y. Dai, J. Colloid Interface Sci. 2020,
563, 435.

[8] Z. Wang, L. Zhou, X. W. (David) Lou, Adv. Mater. 2012, 24, 1903.

[9] W. Wei, Z. Wang, Z. Liu, Y. Liu, L. He, D. Chen, A. Umar, L. Guo,
J. Li, J. Power Sources 2013, 238, 376.

[10] K. Huang, Y. Sun, Y. Zhang, X. Wang, W. Zhang, S. Feng, Adv. Mater.
2019, 37, 1801430.

1] M. Xiao, Z. Wang, M. Lyu, B. Luo, S. Wang, G. Liu, H.-M. Cheng,
L. Wang, Adv. Mater. 2019, 31, 1801369.

[12] J.-H. Lee, Sens. Actuators, B 2009, 140, 319.

[13] Y. Liu, S. Xiao, K. Du, Adv. Mater. Interfaces 2021, 8, 2002122.

[14] R. Wei, Y. Xu, M. Xue, J. Mater. Chem. B 2021, 9, 1965.

[15] Y. He, W. Chen, X. Li, Z. Zhang, |. Fu, C. Zhao, E. Xie, ACS Nano
2013, 7, 174.

6] C. Li, Z. Li, X. Qi, X. Gong, Y. Chen, Q. Peng, C. Deng, T. Jing,
W. Zhong, J. Colloid Interface Sci. 2022, 605, 13.

17] H. Luo, D. Ji, Z. Yang, Y. Huang, G. Xiong, Y. Zhu, R. Guo, Y. Wan,
Chem. Eng. J. 2017, 326, 151.

[18] F. Schiitt, F. Rasch, N. Deka, A. Reimers, L. M. Saure, S. Kaps,
J. Rank, J. Carstensen, Y. Kumar Mishra, D. Misseroni, A. Romani
Vézquez, M. R. Lohe, A. Shaygan Nia, N. M. Pugno, X. Feng,
R. Adelung, Mater. Today 2021, 48, 7.

[19] Y.-G. Zhang, Y.J. Zhu, F. Chen, T.-W. Sun, ACS Appl. Mater. Inter-
faces 2017, 9, 7918.

[20] M. Mecklenburg, A. Schuchardt, Y. K. Mishra, S. Kaps, R. Adelung,
A. Lotnyk, L. Kienle, K. Schulte, Adv. Mater. 2012, 24, 3486.

[21] F. Rasch, F. Schiitt, L. M. Saure, S. Kaps, ]. Strobel, O. Polonskyi,
A. S. Nia, M. R. Lohe, Y. K. Mishra, F. Faupel, L. Kienle, X. Feng,
R. Adelung, ACS Appl. Mater. Interfaces 2019, 11, 44652.

[22] T. Braniste, S. Zhukov, M. Dragoman, L. Alyabyeva, V. Ciobanu,
M. Aldrigo, D. Dragoman, S. lordanescu, S. Shree, S. Raevschi,
R. Adelung, B. Gorshunov, |. Tiginyanu, Semicond. Sci. Technol.
2019, 34, 12LT02.

[23] I. Tiginyanu, T. Braniste, D. Smazna, M. Deng, F. Schitt,
A. Schuchardt, M. A. Stevens-Kalceff, S. Raevschi, U. Schiirmann,
L. Kienle, N. M. Pugno, Y. K. Mishra, R. Adelung, Nano Energy 2019,
56, 759.

[24] F. Schiitt, M. Zapf, S. Signetti, ). Strobel, H. Kriiger, R. Rdder,
J. Carstensen, N. Wolff, J. Marx, T. Carey, M. Schweichel,
M.-I. Terasa, L. Siebert, H.-K. Hong, S. Kaps, B. Fiedler, Y. K. Mishra,
Z. Lee, N. M. Pugno, L. Kienle, A. C. Ferrari, F. Torrisi, C. Ronning,
R. Adelung, Nat. Commun. 2020, 11, 1437.

[25] I. Hélken, G. Neubiiser, V. Postica, L. Bumke, O. Lupan, M. Baum,
Y. K. Mishra, L. Kienle, R. Adelung, ACS Appl. Mater. Interfaces 2016,
8, 20491.

[26] I. Plesco, T. Braniste, N. Wolff, L. Gorceac, V. Duppel, B. Cinic,
Y. K. Mishra, A. Sarua, R. Adelung, L. Kienle, I. Tiginyanu, APL
Mater. 2020, 8, 061105.

[27] T. Braniste, M. Dragoman, S. Zhukov, M. Aldrigo, V. Ciobanu,
S. lordanescu, L. Alyabyeva, F. Fumagalli, G. Ceccone, S. Raevschi,
F. Schiitt, R. Adelung, P. Colpo, B. Gorshunov, I. Tiginyanu, Nano-
materials 2020, 10, 1047.

[28] 1. Plesco, V. Ciobanu, T. Braniste, V. Ursaki, F. Rasch, A. Sarua,
S. Raevschi, R. Adelung, . Dutta, |. Tiginyanu, Materials 2021, 14, 1985.

[29] N. Wolff, V. Ciobanu, M. Enachi, M. Kamp, T. Braniste, V. Duppel,
S. Shree, S. Raevschi, M. Medina-Sanchez, R. Adelung,
O. G. Schmidt, L. Kienle, I. Tiginyanu, Small 2020, 16, 1905141.

Small 2023, 19, 2207492 2207492 (13 of 14)

www.small-journal.com

[30] O. Parlak, Y. Kumar Mishra, A. Grigoriev, M. Mecklenburg, W. Luo,
S. Keene, A. Salleo, K. Schulte, R. Ahuja, R. Adelung, A. P. F. Turner,
A. Tiwari, Nano Energy 2017, 34, 570.

[31] Z. Galazka, S. Ganschow, R. Schewski, K. Irmscher, D. Klimm,
A. Kwasniewski, M. Pietsch, A. Fiedler, I. Schulze-Jonack,
M. Albrecht, T. Schréder, M. Bickermann, APL Mater. 2019, 7,
022512.

[32] R.-H. Horng, C.-Y. Huang, S.-L. Ou, T.-K. Juang, P.-L. Liu, Cryst.
Growth Des. 2017, 17, 6071.

[33] T. Omata, N. Ueda, K. Ueda, H. Kawazoe, Appl. Phys. Lett. 1994, 64,
1077.

[34] Z. Wang, K. Teramura, S. Hosokawa, T. Tanaka, J. Mater. Chem. A
2015, 3, 11313.

[35] M.-R. Wu, W.-Z. Li, C.-Y. Tung, C.-Y. Huang, Y.-H. Chiang, P-L. Liu,
R.-H. Horng, Sci. Rep. 2019, 9, 7459.

[36] X. Zhang, ). Huang, K. Ding, Y. Hou, X. Wang, X. Fu, Environ. Sci.
Technol. 2009, 43, 5947.

[37] M.-I. Chen, A. K. Singh, ).-L. Chiang, R.-H. Horng, D.-S. Wuu, Nano-
materials 2020, 10, 2208.

[38] H.-J. Byun, J.-U. Kim, H. Yang, Nanotechnology 2009, 20, 495602.

[39] Z. Gu, F. Liu, X. Li, J. Howe, J. Xu, Y. Zhao, Z. Pan, J. Phys. Chem.
Lett. 2010, 1, 354.

[40] Y. Hao, ). Zhang, M. Bi, Z. Feng, K. Bi, Mater. Des. 2018, 155, 257.

[41] H. Li, Z. Bian, ). Zhu, D. Zhang, G. Li, Y. Huo, H. Li, Y. Lu, J. Am.
Chem. Soc. 2007, 129, 8406.

[42] G. Murali, S. Kaur, Y. C. Chae, M. Ramesh, J. Kim, Y. D. Suh,
D.-K. Lim, S. H. Lee, RSC Adv. 2017, 7, 24255.

[43] L. Zong, Z. Wang, R. Yu, Small 2019, 15, e1804510.

[44] N. Han, Y. Xia, Y. Han, X. Jiao, D. Chen, Appl. Surf. Sci. 2018, 433,
983.

[45] N. Han, D. Chen, Y. Pang, Z. Han, Y. Xia, X. Jiao, Electrochim. Acta
2017, 235, 295.

[46] Y. K. Mishra, S. Kaps, A. Schuchardt, I. Paulowicz, X. Jin,
D. Gedamu, S. Freitag, M. Claus, S. Wille, A. Kovaley, S. N. Gorb,
R. Adelung, Part. Part. Syst. Charact. 2013, 30, 775.

[47] V. Darakchieva, B. Monemar, A. Usui, Appl. Phys. Lett. 2007, 91,
031911.

[48] R. R. Reeber, J. Appl. Phys. 1970, 41, 5063.

[49] ). Ahman, G. Svensson, ]. Albertsson, Acta Crystallogr, Sect. C:
Struct. Chem. 1996, 52, 1336.

[50] M. Allix, S. Chenu, E. Véron, T. Poumeyrol, E. A. Kouadri-Boudjelthia,
S. Alahraché, F. Porcher, D. Massiot, F. Fayon, Chem. Mater. 2013,
25, 1600.

[51] T. Yamada, J. Ito, R. Asahara, K. Watanabe, M. Nozaki, S. Nakazawa,
Y. Anda, M. Ishida, T. Ueda, A. Yoshigoe, T. Hosoi, T. Shimura,
H. Watanabe, J. Appl. Phys. 2017, 127, 035303.

[52] T. Ogino, M. Aoki, Jpn. J. Appl. Phys. 1980, 19, 2395.

[53] R. Zhang, T. F. Kuech, Appl. Phys. Lett. 1998, 72, 1611.

[54] B. Liu, F. Yuan, B. Dierre, T. Sekiguchi, S. Zhang, Y. Xu, X. Jiang,
ACS Appl. Mater. Interfaces 2014, 6, 14159.

[55] D. C. Reynolds, D. C. Look, B. Jogai, H. Morkog, Solid State
Commun. 1997, 101, 643.

[56] M. Kumar, S. K. Pasha, T. C. S. Krishna, A. P. Singh, P. Kumar,
B. K. Gupta, G. Gupta, Dalton Trans. 2014, 43, 11855.

[57] B. Kuppulingam, K. Baskar, Emergent Mater. 2020, 3, 591.

[58] M. Matys, B. Adamowicz, J. Appl. Phys. 2017, 121, 065104.

[59] G. Nabi, C. Cao, S. Hussain, W. S. Khan, R. R. Sagar, Z. Alj,
F. K. Butt, Z. Usman, D. Yu, CrystEngComm 2012, 14, 8492.

[60] A. G. Reddy, N. Aggarwal, T. C. Shibin Krishna, M. Singh, R. Rakshit,
G. Gupta, Appl. Phys. Lett. 2015, 106, 233501,

[61] H. W. Kim, S. H. Shim, C. Lee, Mater. Sci. Forum 2006, 518, 137.

[62] J. H. Kim, E.-M. Kim, D. Andeen, D. Thomson, S. P. DenBaars,
F. F. Lange, Adv. Funct. Mater. 2007, 17, 463.

[63] S. Kumar, G. Sarau, C. Tessarek, M. Y. Bashouti, A. Hihnel,
S. Christiansen, R. Singh, J. Phys. D: Appl. Phys. 2014, 47, 435101.

© 2023 The Authors. Small published by Wiley-VCH GmbH

85U8017 SUOWILLOD BA a1 3|t jdde au Aq peussnob are saolLe VO ‘8SN Jo Ss|n. 10} ARIqIT8UIIUO /8|1 UO (SUORIPUOD-PUR-SWIBI W00 A8 | 1M ATe1q U1 |UO//SdNL) SUORIPUOD pUe SW | 84} 885 *[6Z02/T0/TZ] Uo ARiqiTauljuo A8|IM TdN HeulH eAOpIOIN J0 91igndsy AQ 26202202 11WUS/200T OT/10p/wod A8 1w Areiqjpujuo//sdny wiouy papeojumod ‘8T ‘€202 ‘6289€TIT



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

[64] G. Naresh-Kumar, H. Maclntyre, S. Subashchandran, P. R. Edwards,
R. W. Martin, K. Daivasigamani, K. Sasaki, A. Kuramata, Phys. Status
Solidi B 2021, 258, 2000465.

[65] S. C. Vanithakumari, K. K. Nanda, Adv. Mater. 2009, 21, 3581.

[66] X. T. Zhou, F. Heigl, J. Y. P. Ko, M. W. Murphy, ). G. Zhou, T. Regier,
R. I. R. Blyth, T. K. Sham, Phys. Rev. B 2007, 75, 125303.

[67] W.-K. Wang, Y.-J. Xu, S.-Y. Huang, K.-F. Liu, P.-C. Tsai, Coatings 2019,
9, 469.

[68] J. Liu, ). Wang, C. Xu, H. Jiang, C. Li, L. Zhang, |. Lin, Z. X. Shen,
Adv. Sci. 2018, 5, 1700322.

[69] ). Li, ).-F. Gao, Z.-H. He, F.-F. Li, L.-B. Kong, lonics 2021, 27, 4153.

Small 2023, 19, 2207492 2207492 (14 of 14)

www.small-journal.com

[70] J. Yu, G. Xiong, S. Yin, X. Guan, H. Zhou, . Xia, Y. Yang, S. Zhang,
Y. Xing, P. Yang, J. Alloys Compd. 2023, 934, 168038.

[71] S. Hansen, F. Hahn, H. Krueger, F. Hoffmann, M. Andresen,
R. Rainer Adelung, M. Liserre, IEEE Power Electron. Mag. 2021,
8, 60.

[72] S. Hansen, E. Quiroga-Gonzalez, ]. Carstensen, R. Adelung, H. Foll,
J. Power Sources 2017, 349, 1.

[73] H. M. Rietveld, J. Appl. Crystallogr. 1969, 2, 65.

[74] A. A. Coelho, J. Appl. Crystallogr. 2018, 57, 210.

[75] R. W. Cheary, A. A. Coelho, ). P. Cline, J. Res. Natl. Inst. Stand.
Technol. 2004, 109, 1.

© 2023 The Authors. Small published by Wiley-VCH GmbH

85U8017 SUOWILLOD BA a1 3|t jdde au Aq peussnob are saolLe VO ‘8SN Jo Ss|n. 10} ARIqIT8UIIUO /8|1 UO (SUORIPUOD-PUR-SWIBI W00 A8 | 1M ATe1q U1 |UO//SdNL) SUORIPUOD pUe SW | 84} 885 *[6Z02/T0/TZ] Uo ARiqiTauljuo A8|IM TdN HeulH eAOpIOIN J0 91igndsy AQ 26202202 11WUS/200T OT/10p/wod A8 1w Areiqjpujuo//sdny wiouy papeojumod ‘8T ‘€202 ‘6289€TIT



