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Faced with the threat of energy shortage and environment pollution in modern society,
the development of efficient and cost-effective catalytic systems is becoming increasingly
important. Among diverse material systems, metals stand out for both their high intrinsic
catalytic activity and high electrical conductivity, which benefit their applications in both
non-electro- and electrocatalysis. To further improve their performance, the pores must be
made smaller and the characteristic size of the metals should be reduced. When the size
is down to nanoscale, a large fraction of active surface atoms can be generated, accessible
surfaces can be increased, and abundant pores can be created, which thereby endow the
resulting porous materials with excellent catalytic performance. For example, although
gold was considered to be inert in its bulk state in ancient times, the development of
nanotechnology has enabled the production of various nanostructured gold [1] as highly
active catalysts for, e.g., the oxidation of carbon monoxide and methanol [2,3].

Among various porous metals, metal aerogels (MAs) are of particular interest. Dis-
covered in 2009 by Eychmüller’s and Leventis’s group [4,5], MAs are a new member of
the family of porous materials. Featuring nanostructured building blocks, 3D conductive
pathways, a number of catalytically/optically active sites, and a self-supporting open
network, MAs have unique advantages in catalysis due to their efficient mass/electron
transfer, good structural stability, and high activity [6]. These features are particularly
advantageous in electrocatalysis, as they allow for the elimination of inactive binder and
less stable carbon supports. Therefore, the development of porous metals, especially
MAs, may lead to a revolution in the field of catalysis, solving problems in energy- and
environment-related applications.

Inspired by their unlimited potential, MAs have been widely explored in the last
fourteen years. From a synthesis point of view, MAs are dominantly prepared via the
sol–gel processing of nanoparticle solutions, followed by supercritical or freeze drying. The
composition of MAs has been extended from Au, Ag, Pd, and Pt to Ru, Rh, Os, Cu, Ni, and
various alloys using newly developed destabilization strategies [4,7–12]. Furthermore, the
ligament size and multiscale structure of MAs have been successfully tuned by applying
new initiating methods, tuning ionic–nanoparticle interactions, designing ligand chemistry,
and manipulating temperature fields [9,13–18]. In terms of practical production, rapid
synthesis has been achieved through the use of elevated temperatures, high concentrations,
special initiators, non-water solvents, and force fields, enabling the production of metal
gels within minutes [19–22]. On the other hand, application possibilities have also been
explored in detail. Electrocatalysis is the most studied application direction, with palladium
aerogels being investigated first in 2012 for the catalytic oxidation of ethanol [23]. Currently,
the electrocatalytic use of MAs has been extended to a variety of reactions, including the
alcohol oxidation reaction, the oxygen reduction reaction, the oxygen evolution reaction,
the hydrogen oxidation reaction, the hydrogen evolution reaction, the nitrate reduction
reaction, and the carbon dioxide reduction reaction [9,24–30]. Compared to conventional
catalysts, MAs have the advantage of long-term stability and high activity. Liu et al. [31]
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recently reported the growth of MAs on commercial melamine foams, which enables
the non-destructive use of MAs for electrocatalysis and thus greatly promotes methanol
oxidation. The success in electrocatalysis has prompted researchers to further their use
for electrocatalytic sensing, such as for glucose sensing and ethanol detection [32–34]. In
addition to electrocatalysis, MAs based on Au, Ag, Pd, and Cu have also been applied for
non-electro catalysis, which can be divided into the catalytic degradation of organic contam-
inants, the use of “nanozymes”, and other areas (e.g., hydrogenation and carbon monoxide
oxidation) [8,35–41]. Considering their optical properties, Au- and Ag-based aerogels
were used as 3D substrates for surface-enhanced Raman scattering [42–45]. Furthermore,
recently, the photoelectrocatalytic properties of MAs were studied and put forward by
Du et al., further expanding the scope of their application [15,21].

Despite the aforementioned advances, MAs are still far from being completely de-
veloped and the related research are facing many challenges, ranging from controlled
synthesis to smart applications. In this Special Issue, “Metal-Based Aerogels and Porous
Composites as Efficient Catalysts: Synthesis and Catalytic Performance”, five papers were
accepted for publication. Here, new synthesis designs and novel applications in the field
of MAs are presented [45–47] to gain new insights, to advance development, and to draw
more attention to metal-based aerogels and metal-based porous materials for catalytic
applications. The contributions of this collection are summarized below.

Georgi et al. systematically investigated the synthesis of Au-Cu aerogels using differ-
ent solvents. Compared to water, which is widely used, the use of ethanol can accelerate
the gelation process and suppress the formation of the CuO phase, which is advantageous
for the rapid preparation of pure transition metal aerogels.

Cai et al. succeeded in the one-step synthesis of nanoparticles from a high-entropy
FeCoNiCuIr alloy. The cocktail effect and the synergistic effect between the individual ele-
ments enabled excellent performance in the electrocatalytic oxygen evolution reaction. Pan
et al. reported Pt-Pd aerogels for the detection of hydrogen peroxide. The electrochemical
sensor based on Pt50Pd50 aerogels showed the best performance, exhibiting both a wide
linear range from 5.1 to 3190 µM (R2 = 0.9980) and high sensitivity of 0.19 mA mM−1 cm−2.
Shi et al., on the other hand, focused on solving environmental problems. By developing a
UV/C2O4

2−/Fe3+ system, the reduction of nitrate to gaseous nitrogen was achieved with
high efficiency, good selectivity, and low cost.

Li et al. provided an overview of the history of the application of MAs for electro-
catalysis and summarized the current status of the development of efficient MA-based
electrocatalysts for energy and environment applications.

In conclusion, this compilation of articles is intended to highlight new synthetic routes
and new applications of metal-based porous materials, particularly MAs. Although porous
materials are receiving more and more attention and have shown promising development,
challenges exist, and there are many potential future directions worth thinking about. We
would like to see if the knowledge of the evolution of elemental distributions in bi- and
multi-metallic gels, especially under operating conditions, could be utilized to develop
better electrocatalysts. More investigations into gas storage (e.g., hydrogen) in MAs, as
the corresponding structure/composition–performance correlation may also point in an
interesting direction. In addition, with regard to the recently reported 2D metal gels [48], it
is intriguing to known whether they can serve as electrodes (especially flexible electrodes)
for neuroscience and wearable electronics.

Funding: This research was funded by the Beijing Natural Science Foundation (2232063), the National
Natural Science Foundation of China (22202009), and the DFG (RTG 2767).

Data Availability Statement: Not applicable.

Acknowledgments: As Guest Editors of the Special Issue “Metal-Based Aerogels and Porous Com-
posites as Efficient Catalysts: Synthesis and Catalytic Performance”, we would like to express our
deep appreciation to all contributors whose valuable work was published in this issue.



Catalysts 2023, 13, 1451 3 of 4

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Tappan, B.C.; Steiner, S.A.; Luther, E.P. Nanoporous metal foams. Angew. Chem. Int. Ed. 2010, 49, 4544–4565. [CrossRef] [PubMed]
2. Wittstock, A.; Zielasek, V.; Biener, J.; Friend, C.; Bäumer, M. Nanoporous gold catalysts for selective gas-phase oxidative coupling

of methanol at low temperature. Science 2010, 327, 319–322. [CrossRef] [PubMed]
3. Xu, C.; Su, J.; Xu, X.; Liu, P.; Zhao, H.; Tian, F.; Ding, Y. Low temperature CO oxidation over unsupported nanoporous gold. J. Am.

Chem. Soc. 2007, 129, 42–43. [CrossRef] [PubMed]
4. Bigall, N.C.; Herrmann, A.K.; Vogel, M.; Rose, M.; Simon, P.; Carrillo-Cabrera, W.; Dorfs, D.; Kaskel, S.; Gaponik, N.; Eychmüller,

A. Hydrogels and aerogels from noble metal nanoparticles. Angew. Chem. Int. Ed. 2009, 48, 9731–9734. [CrossRef] [PubMed]
5. Leventis, N.; Chandrasekaran, N.; Sotiriou-Leventis, C.; Mumtaz, A. Smelting in the age of nano: Iron aerogels. J. Mater. Chem.

2009, 19, 63–65. [CrossRef]
6. Wang, N.; Li, Y.; Cui, Q.; Sun, X.; Hu, Y.; Luo, Y.; Du, R. Metal Aerogels: Controlled Synthesis and Applications. Acta Phys.-Chim.

Sin. 2023, 39, 2212014. [CrossRef]
7. Gao, H.-L.; Xu, L.; Long, F.; Pan, Z.; Du, Y.-X.; Lu, Y.; Ge, J.; Yu, S.-H. Macroscopic Free-Standing Hierarchical 3D Architectures

Assembled from Silver Nanowires by Ice Templating. Angew. Chem.-Int. Ed. 2014, 53, 4561–4566. [CrossRef] [PubMed]
8. Xu, X.; Wang, R.; Nie, P.; Cheng, Y.; Lu, X.; Shi, L.; Sun, J. Copper Nanowire-Based Aerogel with Tunable Pore Structure and Its

Application as Flexible Pressure Sensor. ACS Appl. Mater. Interfaces 2017, 9, 14273–14280. [CrossRef]
9. Du, R.; Wang, J.; Wang, Y.; Hübner, R.; Fan, X.; Senkovska, I.; Hu, Y.; Kaskel, S.; Eychmüller, A. Unveiling Reductant Chemistry in

Fabricating Noble Metal Aerogels for Superior Oxygen Evolution and Ethanol Oxidation. Nat. Commun. 2020, 11, 1590. [CrossRef]
10. Dubale, A.A.; Zheng, Y.; Wang, H.; Hubner, R.; Li, Y.; Yang, J.; Zhang, J.; Sethi, N.K.; He, L.; Zheng, Z.; et al. High-Performance

Bismuth-Doped Nickel Aerogel Electrocatalyst for the Methanol Oxidation Reaction. Angew. Chem. Int. Ed. 2020, 59, 13891–13899.
[CrossRef]

11. Li, Y.; Peng, C.K.; Hu, H.; Chen, S.Y.; Choi, J.H.; Lin, Y.G.; Lee, J.M. Interstitial boron-triggered electron-deficient Os aerogels for
enhanced pH-universal hydrogen evolution. Nat. Commun. 2022, 13, 1143. [CrossRef]

12. Pan, W.; Liang, C.; Sui, Y.; Wang, J.; Liu, P.; Zou, P.; Guo, Z.; Wang, F.; Ren, X.; Yang, C. A Highly Compressible, Elastic, and
Air-Dryable Metallic Aerogels via Magnetic Field-Assisted Synthesis. Adv. Funct. Mater. 2022, 32, 2204166. [CrossRef]

13. Wen, D.; Liu, W.; Haubold, D.; Zhu, C.; Oschatz, M.; Holzschuh, M.; Wolf, A.; Simon, F.; Kaskel, S.; Eychmuller, A. Gold Aerogels:
Three-Dimensional Assembly of Nanoparticles and Their Use as Electrocatalytic Interfaces. ACS Nano 2016, 10, 2559–2567.
[CrossRef] [PubMed]

14. Du, R.; Hu, Y.; Hübner, R.; Joswig, J.-O.; Fan, X.; Eychmüller, A. Specific Ion Effects Directed Noble Metal Aerogels: Versatile
Manipulation for Electrocatalysis and Beyond. Sci. Adv. 2019, 5, eaaw4590. [CrossRef] [PubMed]

15. Du, R.; Joswig, J.O.; Hubner, R.; Zhou, L.; Wei, W.; Hu, Y.; Eychmuller, A. Freeze-Thaw-Promoted Fabrication of Clean and
Hierarchically Structured Noble-Metal Aerogels for Electrocatalysis and Photoelectrocatalysis. Angew. Chem. Int. Ed. 2020, 59,
8293–8300. [CrossRef] [PubMed]

16. Tang, Y.; Yeo, K.L.; Chen, Y.; Yap, L.W.; Xiong, W.; Cheng, W. Ultralow-density copper nanowire aerogel monoliths with tunable
mechanical and electrical properties. J. Mater. Chem. A 2013, 1, 6723–6726. [CrossRef]

17. Müller, D.; Klepzig, L.F.; Schlosser, A.; Dorfs, D.; Bigall, N.C. Structural Diversity in Cryoaerogel Synthesis. Langmuir 2021, 37,
5109–5117. [CrossRef]

18. Müller, D.; Zámbó, D.; Dorfs, D.; Bigall, N.C. Cryoaerogels and Cryohydrogels as Efficient Electrocatalysts. Small 2021, 17,
2007908. [CrossRef]

19. Zhu, C.; Shi, Q.; Fu, S.; Song, J.; Xia, H.; Du, D.; Lin, Y. Efficient Synthesis of MCu (M = Pd, Pt, and Au) Aerogels with Accelerated
Gelation Kinetics and their High Electrocatalytic Activity. Adv. Mater. 2016, 28, 8779–8783. [CrossRef]

20. Burpo, F.J.; Nagelli, E.A.; Morris, L.A.; McClure, J.P.; Ryu, M.Y.; Palmer, J.L. Direct solution-based reduction synthesis of Au, Pd,
and Pt aerogels. J. Mater. Res. 2017, 32, 4153–4165. [CrossRef]

21. Du, R.; Joswig, J.-O.; Fan, X.; Hübner, R.; Spittel, D.; Hu, Y.; Eychmüller, A. Disturbance-Promoted Unconventional and Rapid
Fabrication of Self-Healable Noble Metal Gels for (Photo-)Electrocatalysis. Matter 2020, 2, 908–920. [CrossRef] [PubMed]

22. Naskar, S.; Freytag, A.; Deutsch, J.; Wendt, N.; Behrens, P.; Köckritz, A.; Bigall, N.C. Porous Aerogels from Shape-Controlled
Metal Nanoparticles Directly from Nonpolar Colloidal Solution. Chem. Mater. 2017, 29, 9208–9217. [CrossRef]

23. Liu, W.; Herrmann, A.K.; Geiger, D.; Borchardt, L.; Simon, F.; Kaskel, S.; Gaponik, N.; Eychmuller, A. High-performance
electrocatalysis on palladium aerogels. Angew. Chem. Int. Ed. 2012, 51, 5743–5747. [CrossRef] [PubMed]

24. Jin, Y.; Chen, F.; Wang, J.; Guo, L.; Jin, T.; Liu, H. Lamellar platinum–rhodium aerogels with superior electrocatalytic performance
for both hydrogen oxidation and evolution reaction in alkaline environment. J. Power Sources 2019, 435, 226798. [CrossRef]

25. Wang, J.; Chen, F.; Jin, Y.; Guo, L.; Gong, X.; Wang, X.; Johnston, R.L. In situ high-potential-driven surface restructuring of ternary
AgPd-Ptdilute aerogels with record-high performance improvement for formate oxidation electrocatalysis. Nanoscale 2019, 11,
14174–14185. [CrossRef] [PubMed]

26. Du, R.; Jin, W.; Hübner, R.; Zhou, L.; Hu, Y.; Eychmüller, A. Engineering Multimetallic Aerogels for pH-Universal HER and ORR
Electrocatalysis. Adv. Energy Mater. 2020, 10, 1903857. [CrossRef]

https://doi.org/10.1002/anie.200902994
https://www.ncbi.nlm.nih.gov/pubmed/20514651
https://doi.org/10.1126/science.1183591
https://www.ncbi.nlm.nih.gov/pubmed/20075249
https://doi.org/10.1021/ja0675503
https://www.ncbi.nlm.nih.gov/pubmed/17199279
https://doi.org/10.1002/anie.200902543
https://www.ncbi.nlm.nih.gov/pubmed/19918827
https://doi.org/10.1039/B815985H
https://doi.org/10.3866/PKU.WHXB202212014
https://doi.org/10.1002/anie.201400457
https://www.ncbi.nlm.nih.gov/pubmed/24683064
https://doi.org/10.1021/acsami.7b02087
https://doi.org/10.1038/s41467-020-15391-w
https://doi.org/10.1002/anie.202004314
https://doi.org/10.1038/s41467-022-28805-8
https://doi.org/10.1002/adfm.202204166
https://doi.org/10.1021/acsnano.5b07505
https://www.ncbi.nlm.nih.gov/pubmed/26751502
https://doi.org/10.1126/sciadv.aaw4590
https://www.ncbi.nlm.nih.gov/pubmed/31139750
https://doi.org/10.1002/anie.201916484
https://www.ncbi.nlm.nih.gov/pubmed/32187791
https://doi.org/10.1039/c3ta10969k
https://doi.org/10.1021/acs.langmuir.0c03619
https://doi.org/10.1002/smll.202007908
https://doi.org/10.1002/adma.201602546
https://doi.org/10.1557/jmr.2017.412
https://doi.org/10.1016/j.matt.2020.01.002
https://www.ncbi.nlm.nih.gov/pubmed/32270137
https://doi.org/10.1021/acs.chemmater.7b03088
https://doi.org/10.1002/anie.201108575
https://www.ncbi.nlm.nih.gov/pubmed/22532424
https://doi.org/10.1016/j.jpowsour.2019.226798
https://doi.org/10.1039/C9NR03266E
https://www.ncbi.nlm.nih.gov/pubmed/31210227
https://doi.org/10.1002/aenm.201903857


Catalysts 2023, 13, 1451 4 of 4

27. Song, T.; Xue, H.; Sun, J.; Guo, N.; Sun, J.; Wang, Q. Solvent assistance induced surface N-modification of PtCu aerogels and their
enhanced electrocatalytic properties. Chem. Commun. 2021, 57, 7140–7143. [CrossRef] [PubMed]

28. Xu, Y.; Ren, K.; Ren, T.; Wang, M.; Liu, M.; Wang, Z.; Li, X.; Wang, L.; Wang, H. Cooperativity of Cu and Pd active sites in CuPd
aerogels enhances nitrate electroreduction to ammonia. Chem. Commun. 2021, 57, 7525–7528. [CrossRef]

29. Yan, S.; Mahyoub, S.A.; Lin, J.; Zhang, C.; Hu, Q.; Chen, C.; Zhang, F.; Cheng, Z. Au aerogel for selective CO2 electroreduction to
CO: Ultrafast preparation with high performance. Nanotechnology 2022, 33, 125705. [CrossRef]

30. Lu, L.; Sun, X.; Ma, J.; Yang, D.; Wu, H.; Zhang, B.; Zhang, J.; Han, B. Highly Efficient Electroreduction of CO2 to Methanol on
Palladium-Copper Bimetallic Aerogels. Angew. Chem. Int. Ed. 2018, 57, 14149–14153. [CrossRef]

31. Zheng, Y.; Yang, J.; Lu, X.; Wang, H.; Dubale, A.A.; Li, Y.; Jin, Z.; Lou, D.; Sethi, N.K.; Ye, Y.; et al. Boosting Both Electrocatalytic
Activity and Durability of Metal Aerogels via Intrinsic Hierarchical Porosity and Continuous Conductive Network Backbone
Preservation. Adv. Energy Mater. 2021, 11, 2002276. [CrossRef]

32. Gao, W.; Wen, D. Recent advances of noble metal aerogels in biosensing. VIEW 2021, 2, 20200124. [CrossRef]
33. Guan, S.; Xu, B.; Yang, Y.; Zhu, X.; Chen, R.; Ye, D.; Liao, Q. Gold Nanowire Aerogel-Based Biosensor for Highly Sensitive Ethanol

Detection in Simulated Sweat. ACS Appl. Nano Mater. 2022, 5, 11091–11099. [CrossRef]
34. Zeng, Y.; Li, Y.; Tan, X.; Gong, J.; Wang, Z.; An, Y.; Wang, Z.; Li, H. B,N-Doped PdRu Aerogels as High-Performance Peroxidase

Mimics for Sensitive Detection of Glucose. ACS Appl. Mater. Interfaces 2021, 13, 36816–36823. [CrossRef] [PubMed]
35. Fan, X.; Cai, B.; Du, R.; Hübner, R.; Georgi, M.; Jiang, G.; Li, L.; Samadi Khoshkhoo, M.; Sun, H.; Eychmüller, A. Ligand-Exchange-

Mediated Fabrication of Gold Aerogels Containing Different Au(I) Content with Peroxidase-like Behavior. Chem. Mater. 2019, 31,
10094–10099. [CrossRef]

36. Jiao, L.; Xu, W.; Yan, H.; Wu, Y.; Gu, W.; Li, H.; Du, D.; Lin, Y.; Zhu, C. A dopamine-induced Au hydrogel nanozyme for enhanced
biomimetic catalysis. Chem. Commun. 2019, 55, 9865–9868. [CrossRef] [PubMed]

37. Tan, X.; Yang, Q.; Sun, X.; Sun, P.; Li, H. PdIr Aerogels with Boosted Peroxidase-like Activity for a Sensitive Total Antioxidant
Capacity Colorimetric Bioassay. ACS Appl. Mater. Interfaces 2022, 14, 10047–10054. [CrossRef]

38. Xu, J.; Sun, F.; Li, Q.; Yuan, H.; Ma, F.; Wen, D.; Shang, L. Ultrasmall Gold Nanoclusters-Enabled Fabrication of Ultrafine Gold
Aerogels as Novel Self-Supported Nanozymes. Small 2022, 18, 2200525. [CrossRef]

39. Wittstock, A.; Baumer, M. Catalysis by unsupported skeletal gold catalysts. Acc. Chem. Res. 2013, 47, 731–739. [CrossRef]
40. Tang, S.; Vongehr, S.; Wang, Y.; Cui, J.; Wang, X.; Meng, X. Versatile synthesis of high surface area multi-metallic nanosponges

allowing control over nanostructure and alloying for catalysis and SERS detection. J. Mater. Chem. A 2014, 2, 3648–3660. [CrossRef]
41. Benkovicová, M.; Wen, D.; Plutnar, J.; Cizkova, M.; Eychmuller, A.; Michl, J. Mechanism of Surface Alkylation of a Gold Aerogel

with Tetra-n-butylstannane-d 36: Identification of Byproducts. J. Phys. Chem. Lett. 2017, 8, 2339–2343. [CrossRef] [PubMed]
42. Gao, X.; Esteves, R.J.; Nahar, L.; Nowaczyk, J.; Arachchige, I.U. Direct Cross-Linking of Au/Ag Alloy Nanoparticles into

Monolithic Aerogels for Application in Surface-Enhanced Raman Scattering. ACS Appl. Mater. Interfaces 2016, 8, 13076–13085.
[CrossRef] [PubMed]

43. Zhou, L.; Peng, Y.; Zhang, N.; Du, R.; Hübner, R.; Wen, X.; Li, D.; Hu, Y.; Eychmüller, A. Size-Tunable Gold Aerogels: A Durable
and Misfocus-Tolerant 3D Substrate for Multiplex SERS Detection. Adv. Opt. Mat. 2021, 9, 2100352. [CrossRef]

44. Xiao, Y.; Wang, C.; Liu, K.; Wei, L.; Luo, Z.; Zeng, M.; Yi, Y. Promising pure gold aerogel: In situ preparation by composite sol–gel
and application in catalytic removal of pollutants and SERS. J. Sol-Gel Sci. Technol. 2021, 99, 614–626. [CrossRef]

45. Shi, Z.; Wang, F.; Xiao, Q.; Yu, S.; Ji, X. Selective and Efficient Reduction of Nitrate to Gaseous Nitrogen from Drinking Water
Source by UV/Oxalic Acid/Ferric Iron Systems: Effectiveness and Mechanisms. Catalysts 2022, 12, 238. [CrossRef]

46. Pan, C.; Zheng, Y.; Yang, J.; Lou, D.; Li, J.; Sun, Y.; Liu, W. Pt–Pd Bimetallic Aerogel as High-Performance Electrocatalyst for
Nonenzymatic Detection of Hydrogen Peroxide. Catalysts 2022, 12, 528. [CrossRef]

47. Cai, C.; Xin, Z.; Zhang, X.; Cui, J.; Lv, H.; Ren, W.; Gao, C.; Cai, B. Facile Synthesis of FeCoNiCuIr High Entropy Alloy
Nanoparticles for Efficient Oxygen Evolution Electrocatalysis. Catalysts 2022, 12, 1050. [CrossRef]

48. Hiekel, K.; Jungblut, S.; Georgi, M.; Eychmüller, A. Tailoring the Morphology and Fractal Dimension of 2D Mesh-like Gold Gels.
Angew. Chem. Int. Ed. 2020, 59, 12048–12054. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1039/D1CC02038B
https://www.ncbi.nlm.nih.gov/pubmed/34180464
https://doi.org/10.1039/D1CC02105B
https://doi.org/10.1088/1361-6528/ac4287
https://doi.org/10.1002/anie.201808964
https://doi.org/10.1002/aenm.202002276
https://doi.org/10.1002/VIW.20200124
https://doi.org/10.1021/acsanm.2c02272
https://doi.org/10.1021/acsami.1c07987
https://www.ncbi.nlm.nih.gov/pubmed/34319065
https://doi.org/10.1021/acs.chemmater.9b03121
https://doi.org/10.1039/C9CC04436A
https://www.ncbi.nlm.nih.gov/pubmed/31364624
https://doi.org/10.1021/acsami.1c22625
https://doi.org/10.1002/smll.202200525
https://doi.org/10.1021/ar400202p
https://doi.org/10.1039/C3TA14541G
https://doi.org/10.1021/acs.jpclett.7b00296
https://www.ncbi.nlm.nih.gov/pubmed/28460170
https://doi.org/10.1021/acsami.5b11582
https://www.ncbi.nlm.nih.gov/pubmed/27142886
https://doi.org/10.1002/adom.202100352
https://doi.org/10.1007/s10971-021-05597-9
https://doi.org/10.3390/catal12030348
https://doi.org/10.3390/catal12050528
https://doi.org/10.3390/catal12091050
https://doi.org/10.1002/anie.202002951

	References

