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Proton-assisted mixed-valence vanadium oxides cathode with long-term 
stability for rechargeable aqueous zinc ion batteries 
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A B S T R A C T   

In this work, we developed a rGO assisted vanadium oxide xerogel (abbreviate as VOHG) as cathode material for 
rechargeable aqueous zinc ion batteries (RA-ZIBs). The VOHG cathode exhibits an ultra-high specific capacity of 
625 mA h g− 1 at current density of 0.1 A g− 1, superior reversibility and a long cycle life with a coulombic ef
ficiency of 100.0% after 10,000 cycles. The VOHG material has mixed valent vanadium ions V4+/V5+and a layer 
structure with interlayer water. The interlayer water acts as soft support for the VO6 octahedron, forming a large 
space in the layers for H+/Zn2+ intercalation, which improves the migration rate of Zn2+ due to its charge 
shielding effect. Protons can move quickly through the interlayer water network by Grotthuss proton transport 
mechanism. The application of the unique structure of VOHG makes zinc ions battery will be a promising 
candidate of energy storage device with high-capacity and long cycle stability.   

1. Introduction 

Lithium ion batteries (LIBs) have been widely used in the market 
[1–4]. However, safety issue of organic electrolyte in large-scale lithium 
battery devices is still a potential hazard [5–8]. Developing solid elec
trolyte batteries [3,9] and aqueous rechargeable batteries [1,10,11] are 
two effective ways. Rechargeable aqueous zinc ion batteries (RA-ZIBs) 
have been widely investigated by researchers due to their satisfied se
curity, high theoretical capacity (819 mA h g− 1), proper redox potential 
(− 0.76 V vs the standard hydrogen electrode), and low cost [12–16]. 
However, insertion of bivalent Zn2+ in the host materials is more diffi
cult because of the strong interaction between the host lattice result 
from higher charge and larger atomic weight of zinc ions, eventually 
leading to sluggish solid-state diffusion and large potential polarization. 
This affects the high-current charge-discharge stability and cycle life of 
the battery. Thus, lack of suitable cathode materials is the main bottle
neck restricting the development of RA-ZIBs. 

So far, the cathode materials of RA-ZIBs reported are mainly 
concentrated in vanadium oxide [17–20], manganese oxide [21–24], 
and Prussian blue analogues [25,26]. Among them, Vanadium based 
materials, including V2O5 [9], VO2 [20,27], NaV3O8⋅1⋅5H2O [28], 
FeVO4⋅nH2O [29], V3O7⋅H2O [30] have been recognized as promising 

cathode materials for high-safety RA-ZIBs in applications. Nevertheless, 
researchers found that vanadium oxide as cathode material has the 
following prominent scientific problems. First, vanadium oxide has poor 
electrical conductivity. Second, the crystal structure of vanadium oxide 
is unstable in the process of Zn2+ (de)intercalation. Third, the migration 
kinetics of Zn2+ is slow due to its high charge and large atomic weight. 
Therefore, it is worth deliberating these difficulties. Vanadium oxide 
xerogel was prepared by Inamoto et al. [31] and successfully applied as 
the active cathode material for magnesium rechargeable battery. Va
nadium oxide xerogel (e.g. V2O5⋅nH2O) is an amorphous hydrated va
nadium oxide usually containing water of crystallization [32,33]. Some 
of them have layered structures and possess typically open ion diffusion 
channels between layers, which have been widely studied in LIBs, NIBs, 
ZIBs, etc. [10,34,35]. The V5O12⋅6H2O can be understood as an oxygen 
deficient V2O5⋅nH2O compound with a molar ratio of V5+ / V4+ of 4. 
Compared with single valence of vanadium oxide (such as V2O5), 
V5O12⋅6H2O is prone to form V5+/V4+ and V4+/V3+ redox pairs during 
redox reactions. However, V5O12⋅6H2O has rarely been investigated so 
far. 

Herein, we reported a rGO assisted vanadium oxide xerogel (VOHG) 
as the RA-ZIBs cathode material. The vanadium oxide xerogel (VOH) has 
mixed valent vanadium and a layer structure containing interlayer 
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Ultra-flexible Al2O3 fibers: A novel catalyst support material for 
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A B S T R A C T

Flexible aluminum oxide (Al2O3) fibers were prepared by the blow spinning method and their potential as a high- 
temperature catalyst support was investigated. The synthesized Al2O3 fibers exhibited remarkable flexibility in 
both mechanical compression and recovery tests, which remained intact in a wide temperature range from 
− 196 ◦C to 1200 ◦C. Moreover, their low thermal conductivity of 0.030 W K− 1•m− 1, demonstrated an 
outstanding thermal insulation. Subsequently, nickel nanoparticles were uniformly distributed on the surface of 
the Al2O3 fibers as a self-supporting catalyst using a conventional impregnation method. The resulting self- 
supporting Ni/Al2O3 catalyst demonstrated remarkable thermo-catalytic performance and re-activation capa
bility at high temperatures for thermocatalytic reaction of dry reforming of methane (DRM). Our findings 
highlight the potential of pure Al2O3 flexible fibers as a versatile material for various industrial applications, 
including high-temperature catalysis.   

1. Introduction

Ceramic materials offer several advantages such as high temperature
resistance, chemical corrosion tolerance, and low thermal conductivity, 
which make them useful in various industries, including refractory, 
superconductivity, and aerospace [1–4]. However, the inherent brittle
ness, low specific surface areas, and low porosity of conventional ce
ramics limits their application in emerging fields [5–9]. Advanced 
flexible inorganic ceramic fiber materials have received considerable 
attentions due to their low thermal conductivity, high specific surface 
area, low density, and excellent chemical and thermal stability [5, 
10–13]. Flexible ceramic fibers are usually prepared by electrospinning, 
centrifugal spinning, or blow spinning method. The electrospinning 
method can produce long nanofibers, but suffers from sintered adhesion, 
which makes fibers less flexible, as well as low efficiency in fabrication 
[14–18]. Centrifugal spinning method is the most applied method for 
enterprises to produce inorganic fibers but mostly used to prepare short 
or coarse fibers [19,20]. The short-cut fibers produced by electro
spinning or centrifugal spinning have been reprocessed into flexible 
ceramic sponges, which are also known as flexible ceramic aerogels [15, 
21,22]. For example, flexible aluminosilicate aerogels were prepared 
applying short-cutting electrospinning silica fibers and aluminosilicate 

sol through freeze-drying processes [4]. However, the ceramic aerogels 
produced using this method have limited flexibility and are mostly in 
bulk form. Furthermore, the complex preparation process and high cost 
of this method limit its mass production and further applications. It is 
worth noting that blow spinning is a more preferred process in industry 
due to its feasibility in mass production of fibers [23–27]. A series of 
flexible Al2O3-compounds fibers have been successfully prepared using 
the blow spinning method [6,12,28]. However, the preparation of pure 
Al2O3 fibers through blow spinning has not been reported yet. 

Zu et al. [29] prepared super heat-resistant Al2O3 aerogels via a 
combination of acetone-aniline in situ water formation method, super
critical fluid modification, and hexamethyldisilazane gas phase modi
fication. The heat resistance of alumina aerogel is enhanced up to 
1300 ◦C, but the complex preparation process and high cost of this 
method limit its mass production and further applications. Lucas et al. 
[2] fabricated the hollow-tube Al2O3 nanolattices by template method,
containing two-photon lithography, atomic layer deposition, and oxy
gen plasma etching. The structural material of the three-dimensional
hollow-tube Al2O3 nanolattices is simultaneously ultralight and
energy-absorbing, and it can recover its original shape after being
compressed at a strain of more than 50%. However, the mechanical
strength properties of this three-dimensional structure still have much

* Corresponding author.
** Corresponding author.

E-mail addresses: lipingzhao@sjtu.edu.cn (L. Zhao), pengzhang2010@sjtu.edu.cn (P. Zhang).

Contents lists available at ScienceDirect 

Ceramics International 

journal homepage: www.elsevier.com/locate/ceramint 

https://doi.org/10.1016/j.ceramint.2023.06.283 
Received 3 April 2023; Received in revised form 2 June 2023; Accepted 27 June 2023   

mailto:lipingzhao@sjtu.edu.cn
mailto:pengzhang2010@sjtu.edu.cn
www.sciencedirect.com/science/journal/02728842
https://www.elsevier.com/locate/ceramint
https://doi.org/10.1016/j.ceramint.2023.06.283
https://doi.org/10.1016/j.ceramint.2023.06.283
https://doi.org/10.1016/j.ceramint.2023.06.283
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2023.06.283&domain=pdf


Received: 27 March 2024 Revised: 16 May 2024 Accepted: 5 June 2024

DOI: 10.1111/jace.19990

RESEARCH ARTICLE

Flexible hollow Ni/Al2O3 fibers: A sustainable and reusable
catalyst for efficient dry reforming of methane

Huihui Yan KunWang Liping Zhao Peng Zhang Han Chen Jing Liu
Lian Gao

State Key Laboratory for Metallic Matrix
Composite Materials, School of Materials
Science and Engineering, Shanghai Jiao
Tong University, Shanghai, P. R. China

Correspondence
Liping Zhao and Peng Zhang, State Key
Laboratory for Metallic Matrix Composite
Materials, School of Materials Science and
Engineering, Shanghai Jiao Tong
University, Shanghai P. R. China.
Email: lipingzhao@sjtu.edu.cn and
pengzhang2010@sjtu.edu

Funding information
National Natural Science Foundation of
China, Grant/Award Number: 51972210
51779139; Shanghai Jiao Tong University
Medical (Science) Cross Fund,
Grant/Award Number: YG2017MS13
YG2022QN053

Abstract
Anew type of Ni/Al2O3 self-supporting catalysts, with high specific surface area,
was fabricated by blow-spinning technology. These Ni/Al2O3 self-supporting
catalysts are hollow flexible fibers and were utilized for the dry reforming of
methane. The Ni/Al2O3 catalysts exhibited exceptional catalytic performance,
maintaining their activity for over 150-h at a high temperature of 800◦C. The Ni
nanoparticles disputed on the hollow fibers demonstrated remarkable resistance
to sintering and coking during high-temperature catalysis. Thiswas a noteworthy
feature, as sintering and coking are common challenges faced by catalysts dur-
ing high-temperature reactions. Furthermore, the catalysts retained its activity
even after a rigorous 150-h test at 800◦C, indicating its durability and stabil-
ity. Importantly, the Ni/Al2O3 self-supporting could be successfully reactivated
after the test, further highlighting its reusable nature. This study offers promis-
ing new avenues for the development of high-temperature, self-supporting, and
reactivatable catalysts.

KEYWORDS
catalyst, dry reforming of methane, fibers, Ni/Al2O3

1 INTRODUCTION

The dry reforming of methane (DRM) catalysis stands as
a promising approach toward achieving carbon neutrality,
thereby playing a pivotal role in shaping the future of
green energy technologies. This catalytic process involves
the conversion of two greenhouse gases, CH4, and CO2,
into syngas. Syngas, also known as synthesis gas, serves
as a precursor for the synthesis of long-chain fuels, such
as methanol, ethanol, and even hydrocarbons.1–3 The
significance of DRM catalysis lies in its ability to convert
waste greenhouse gases into valuable energy sources,
thus contributing to the reduction of greenhouse gas
emissions and the promotion of sustainable energy pro-
duction. However, this catalytic process typically requires

high operating temperatures exceeding 700◦C, posing
significant challenges for catalyst supports. Catalysts,
particularly those employed in high-temperature catalysis
like the DRM, commonly encounter challenges such
as sintering and coking over prolonged use, ultimately
leading to catalyst deactivation.1,2,4,5 A prevalent approach
to mitigate coking involves enhancing the alkalinity of
the support3,6 or reducing the particle size of the catalyst.7
However, fine metal nanoparticles confront challenge
in particle sintering during high-temperature catalysis,
which results in an increase in particle size and ultimately
a decrease in catalytic activity. One important strategy for
inhibiting catalyst sintering is the domain limiting effect,
for example, core–shell structures, impregnation of metal
nanoparticles in the porous materials, and in situ grown
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