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Recent Progress in MXene-Based Materials: Potential

High-Performance Electrocatalysts

Anmin Liu,* Xingyou Liang, Xuefeng Ren,* Weixin Guan, Mengfan Gao, Yanan Yang,

Qiyue Yang, Liguo Gao, Yangiang Li, and Tingli Ma*

The family of transition metal carbides, nitrides, and carbonitrides (collec-
tively called MXenes) has been a thriving field since the first invention of
Ti;C,T, (MXene) in 2011. MXene is a new type of nanometer 2D sheet mate-
rial, which exhibits great application potentials in various fields due to its
multiple advantages such as high specific surface area, good electrical con-
ductivity, and high mechanical strength. Electrocatalysis is regarded as the
core of future clean energy conversion technologies, and MXene-based mate-
rials provide inspiration for the design and preparation of electrocatalysts
with high activity, high selectivity, and long loading life time. The applications
of MXene-based materials in electrocatalysis, including hydrogen evolution
reaction, nitrogen reduction reaction, oxygen evolution reaction, oxygen
reduction reaction, carbon dioxide reduction reaction, and methanol oxida-
tion reaction are summarized in this review. As a crucial session regarding
experiments, the current safer and more environmentally friendly preparation
methods of MXene are also discussed. Focusing on the materials design and
enhancement methods, the key challenges and opportunities for MXene-
based materials as a next-generation platform in both fundamental research
and practical electrocatalysis applications are presented. This account serves
to promote future efforts toward the development of MXenes and related

1. Introduction

The concept of 2D materials was originally
introduced by graphene. Graphene is a
monoatomic layer of graphite material. It
was successfully peeled from graphite in
2004, which has significant anisotropy and
electronic characteristics.!" Since then,
the 2D materials have gained consider-
able research interests due to their unique
physical and chemical properties and wide
application potential.?

In 2011, Naguib et al.’! first prepared
transition metal nitride/carbon nano-
layered materials (MXene), a new type
of 2D layer material. At present, over
20 different MXenes have been synthe-
sized, and the structure and properties
of dozens of MXenes have been theoreti-
cally predicted.! MXene can be obtained
from layered M, , ;AX, (MAX) phases or
similar precursors by selective removal of
the “A-layers,”! where M represents early

materials in the electrocatalysis applications.
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transition metals, A stands for A-group ele-

ments in the periodic table (mostly IIIA and

IVA, or groups 13 and 14), and X is either

carbon and/or nitrogen, and n = 1-3.1 The

chemical formula of MXenes is M, 1X,,T,,
which can be obtained by adding different etchants to remove
the A-layers, including hydrofluoric acid (HF),B! F-containing
acidic solutions (mainly a mixture of hydrochloric acid and
lithium fluoride)?¥, or alkaline solution potassium hydroxide
for fluorine-free products.”) By utilizing the different character-
istics and relative strengths between the M—X and M—A bonds,
the relatively weak active A-layer can be selectively etched using
the above methods, leaving a more chemically stable M,,,;X,, T,
layer.®l When the etchant removes A-element, the chemical
activity and thermodynamics of the surface of the MXene layer
tend to create surface functional groups (expressed as T,),
such as hydroxyl (—OH), oxygen (—O), or fluorine (—F)“!
(Figure la—).

MXenes has a unique 2D layered structure similar to gra-
phene, with a large specific surface area, good hydrophilicity,
conductivity, and stability. Research shows that it has broad
prospects in terms of electrochemical energy storage, %1%l catal-
ysis, photothermal conversion, ! water purification,®! gas
separation,[’l biomedical applications,®! and electromagnetic
interference shielding.'”! Among them, in the field of catal-
ysis that is currently receiving much attention, electrocatalysis

(10f22) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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ABSTRACT: Temporally intermittent and spatially dispersed renewable energy sources
strongly call for large-scale energy storage devices. Aqueous aluminum-ion batteries
show great potential for application due to their safety and low cost. Thus far, however,
the ideal full-battery configuration is beyond the scope due to shortcomings with regards
to suitable anode and cathode materials. Herein, we report a pioneering aqueous
aluminum-ion battery system consisting of a Prussian white cathode, 1 M AL, (SO,),
aqueous electrolyte, and an organic 9,10-anthraquinone anode. The oxidation capability
of the Prussian white cathode during the first charging allows for the fabrication of the
full battery without pre-inserting aluminum ions, thus making the rocking-chair-type
battery feasible. Importantly, the open-framework structure of the Prussian white and
distinct enolization charge storage mechanism of 9,10-anthraquinone ensure fast
reaction kinetics. The full battery exhibits cycling stability with a capacity retention of
89.1% over 100 cycles at S00 mA g, finishing a cycle in about 10 min. This work
provides a pathway for developing rechargeable aqueous aluminum-ion batteries.

1M AL,(SO,),

Current(mA)

K,CuFe(CN),
1.0 15 20

0.0 0.5
Voltage(V vs. SCE)

(I:OLQ#) Kcara@n i, care @,
First 1M Al(SO, Subsequent
AQ-K,CuFe(CN), Aqueous Al-ion Full Battery

KEYWORDS: aqueous electrolyte, aluminum-ion batteries, Prussian white analogues, organic electrode materials, rocking chair

1. INTRODUCTION

The persistent pursuit of cheaper and safer energy storage
devices for the integration of renewable energy sources into
power grids has prompted extensive research into various types
of new battery systems.' > Compared with current commercial
non-aqueous lithium-ion batteries (LIBs), aqueous batteries
based on naturally abundant charge carriers like Na*,* K’
Ca?*® zZn**/ Mgz*,8 and AP**? show distinct advantages, i.e.,
high ionic conductivity, low-cost, and high security. Aluminum
is the third most abundant element in the earth’s crust, and the

have the required oxidization capability. While pre-inserting
AP** into the active materials is a widely adopted practice for
full-battery assembly,g’l(”21 it is not suitable for commercial
productions. Another challenge of AAIBs is that the high
charge-to-radius ratio of AI’** induces a strong interaction
between AI’* and host lattice, which causes sluggish ion-
diffusion kinetics.'>'” To produce workable AAIBs devices, it
is therefore critical to develop matched anode and cathode
materials with fast AI** diffusion kinetics.

Herein, we propose a rocking-chair AAIB consisting of 1 M

three-electron charge transfer of AI’* charge carriers can
potentially result in higher volumetric energy density.'”""
However, the electrochemical plating/stripping potential of
aluminum (AP* + 3e” < Al —1.68 V vs standard hydrogen
electrode (SHE)) was far too low for the stable electro-
chemical window of water, making metal Al hard to be directly
applied in aqueous aluminum-ion batteries (AAIBs). Hence,
exploring rocking-chair-type AAIBs without the metal Al anode
is an expedient strategy.

To date, there is still a dearth of full-cell configurations with
matched cathode/anode electrodes for AAIBs. Given the
working mechanism of the rocking-chair battery, it is evident
that the cathode materials should be oxidized by the extraction
of cations during the first charging process. Although some
materials including titanium dioxide,'>"? manganese oxide,"*
molybdenum oxide,"*'® and Prussian blue analogues™'” > can
reversibly store AI** in the aqueous electrolyte, they do not

© 2021 American Chemical Society

7 ACS Publications

8353

(mol/L) AL(SO,); electrolyte, a representative Prussian white
K,CuFe(CN)g cathode, and an organic 9,10-anthraquinone
(AQ) anode. Prussian white analogues (PWAs)
(A,MFe"(CN),, A = Li, Na or K, M = Cu, Fe, Co, Zn, Mn,
or Ni) with a three-dimensional (3D) open-framework
structure have been widely studied as cathode for non-aqueous
alkali metal-ion batteries.””~>* PWAs not only contain large
octahedral interstitial sites and open channels for multivalent
ion diffusion but also can be oxidized through the extraction of
alkali metal ions during the first charging. This unique trait
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In recent decades, catalytic reduction of CO; is a hot topic in the research field of electrocatalysis. Copper is the
only metal catalyst capable of producing multiple carbon (Cz,) products in electrocatalytic CO5 reduction (ECR),
however, there are still many challenges such as low selectivity, serious hydrogen evolution (HER) and poor
stability. So far, various synthesis methods have been developed for Cu-based catalysts. Compared with ordinary
chemical synthesis, electrochemical method has the advantages of simple process, controllable conditions, good
safety and eco-friendly. In this review, the recent progress in synthesizing different types of Cu-based catalysts by
means of the electrochemical method are comprehensively reviewed. The engineering strategies and the effects
of the key preparation conditions on the catalytic performance of CO; electroreduction for Cy; products are
discussed in details. Besides, copper-based catalysts synthesized by electrochemical methods combined with the
ordinary methods (wet chemical methods, plasma activated methods and other methods) were also outlined.
Finally, the development potential of electrochemical synthesis for Cu-based catalysts are recommended, which
provides a direction for the future development of Cu-based catalysts with low cost and high ECR performance.

1. Introduction

With the development of the world’s economy and society, the
growing demand for energy becomes a hot topic and an urgent problem
to be solved. Although great progress have been made in the develop-
ment and utilization of green renewable energy such as solar energy,
wind energy and water energy, fossil energy is still the main raw ma-
terial for social energy supply, accounting for more than 80%. [1] A
large amount of CO5 emitted from fossil energy combustion is trapped in
the atmosphere, which leads to the imbalance of global carbon cycle,
resulting in serious global climate change and environmental problems
such as greenhouse effect and sea level rise. [2,3] Thus, in recent years,
how to convert CO, into high value-added carbonaceous compounds has
attracted extensive attention in the aspects of reducing atmospheric CO5
concentration and alleviating social energy problems. Researchers have
developed a series of methods to effectively convert CO, into useful
carbon based compounds, such as chemical conversion, [4,5] biotrans-
formation, [6,7] photocatalysis, [8-10] electrocatalysis, [11,12] etc.
Among them, with the aid of the electric energy and appropriate cata-
lysts, the electrocatalytic reduction of CO3 (ECR) could convert CO; to

* Corresponding author.

other carbon products at ambient temperature and pressure. This kind of
CO, reduction technology driven by renewable energy has good envi-
ronmental compatibility and adaptability, so it has become a research
hotspot in the field of CO5 conversion.

In essence, the electrocatalytic reduction of CO5 in aqueous solution
is to convert COy into carbon containing products such as carbon
monoxide (CO), methane (CH4), formic acid (HCOOH), methanol
(CH30H), ethylene (C2Hy), ethanol (CoH3OH) by electron and proton
transfer. The chemical equations for each product and the corresponding
standard electrode potential [13] (V vs. SHE) are shown in Table 1.

The above equations are carried out in a standard atmospheric
pressure and 25 °C aqueous solution, which only reflects the trend of the
reaction without considering the kinetic mechanism of these reactions.
In fact, as the applied voltage is satisfied, the reaction priority and re-
action rate will change greatly according to electrolyte environment.
Moreover, the type of catalyst also has serious effect on the reduction
products. Different metal catalysts have disparate adsorption strength
for the intermediate products of CO; reduction (as indicated by the
volcano plot for carbon dioxide reduction on metals (Fig. 1)), [14] thus
contributes to the obviously different product distribution. In general,
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As a promising and important carbon source, utilization of carbon dioxide (CO;) can effectively solve the
energy crisis caused by fossil resource consumption and the environmental problems arising from the
emission of CO,. The electrocatalytic method is currently a promising research method for CO,
reduction; however, it faces the problems of low product selectivity and poor faradaic efficiency (FE).
Therefore, the design of effective catalysts with lower overpotential, high FE, and product selectivity is
key consideration for the development of electrochemical CO, reduction (CO,RR). Herein, we
summarize the current research progress in the electrocatalytic reduction of CO, to fuels on
heterogeneous catalysts. Progress in the electrocatalytic reduction of two types of products, C; products
(CO, HCOOH, CHz0OH, CH4) and C, products (CH3zCH,OH and C,H,), are discussed. The catalytic

Received 31st October 2019 . . . . .
Accepted 14th January 2020 activity, FE, product selectivity, electrocatalytic mechanisms, and challenges faced in terms of product
selectivity and catalytic activity stability in electrochemical CO, reduction are discussed. This review can

DOI: 10.1039/c9tal1966¢ provide effective guidance for the design of effective catalysts with high activity, product selectivity, FE,
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1. Introduction

CO, is a greenhouse gas that accumulates in the atmosphere; it
is also a necessary material for chemical industrial processes.
Ideally, CO, produced by fuel combustion and industrial
activities will be consumed by plants for photosynthesis.* Thus,
relative stability and dynamic equilibrium of CO, content
should be present in the atmosphere. However, due to the
intensification of human activities, the concentration of CO, in
the atmosphere has increased by 30% since the industrial
revolution, and this balance has been gradually destroyed.
Table 1 (ref. 2) lists the main sources of CO, emissions.
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Benefiting from the high electrochemical surface area brought by the 2D nanosheet structure, MoS, has
received great research attention for the hydrogen evolution reaction (HER). Recently, it has been
demonstrated that by constructing a transitional metal sulfide—MoS, heterostructure, the HER
performance of the MoS,-based catalysts can be further improved. It is even possible to obtain
bifunctional catalysts for both HER and oxygen evolution reaction (OER) due to the synergistic effect of
the different components in the composite, the electronic effect to enable an efficient electron transfer
and appropriate binding energy for the intermediates of the electrocatalytic reactions, and the surface
defects on the interface of the heterostructures. Herein, we review the recent progress on the
construction of the transitional metal sulfide—MoS, heterostructure for water splitting based on non-
self-supporting and self-supporting catalysts. The surface and interface parameters of the
heterostructures are discussed in detail to reveal the key roles of the hybrid structures for energy
conversion. We also pay special attention to the theoretical simulations based on first principles to clarify

Received 5th November 2020 the relationships between the electrochemical performance and structure parameters. Finally, the

Accepted 26th November 2020
prospects and challenges of the transition metal sulfide—MoS, heterostructures for water splitting in the
DOI: 10.1039/d0ta10815d . . .
future are proposed to prompt the reasonable design of transition metal sulfide—MoS, heterostructures

rsc.li/materials-a for full water splitting.
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Despite its cost-effectiveness and intrinsic safety, the aqueous zinc-iodine battery is still struggling with
the rapid performance degradation arising from the uneven deposition of the zinc anode and the
dissolution of the iodine cathode. An effective solution of addressing the above issues simultaneously is
urgently needed. Here we propose a strategy of using one porous carbon to modify the zinc anode and
immobilize the iodine active materials. Zinc citrate-derived porous carbon is selected as a study model.

The conductive porous carbon can not only greatly reduce the zinc nucleation barrier, and guide a

Keywords:
Zinc-iodine battery
Aqueous electrolyte
Porous carbon

Zinc deposition
lIodine dissolution

uniform deposition of zinc ions, but also notably suppress the dissolution of iodine species and enhance
the reaction kinetics. As a consequence, the optimized zinc-iodine battery exhibits capacity retention of
88.1% after 3000 cycles at 12C, finishing a cycle within 5 min.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Aqueous zinc-iodine battery (AZIB) has been regarded as a
promising electrochemical energy storage system to balance un-
even distribution in time and space of renewable energies such as
wind and solar energy due to its high safety and low cost [1—7].
However, both zinc anode and iodine cathode are still confronted
with intrinsic issues limiting the practical application. The noto-
rious dendrite formation induced by the uneven deposition of zinc
anode can bring about battery deterioration even failure [8—11]. For
the iodine cathode side, the high solubility of the discharged spe-
cies like I" or I3 in aqueous electrolytes will result in severe capacity
decay and self-discharge by a manner somewhat analogous to the
“shuttle effect” in Li-S batteries [12,13]. Thus, to realize satisfactory
battery lifespan performance as soon as possible, it's very urgent to
address the above adverse obstacles based on principle analysis.

Zinc dendrites are formed during the deposition process, where
nucleation and crystal growth process are closely correlated with
the deposition properties [8,9]. Lowering the nucleation energy

* Corresponding author.
E-mail address: matingli123@cjlu.edu.cn (T. Ma).

https://doi.org/10.1016/j.carbon.2021.11.007
0008-6223/© 2021 Elsevier Ltd. All rights reserved.

barrier [14,15], reducing the local electric field intensity [16,17], and
constraining the 2D ion diffusion [18,19] can endow the zinc anode
with uniform deposition. Constructing a conductive zincophilic
substrate featuring with high specific surface area to disperse
current and increase nucleation sites meets well with aforesaid
requirements. On the other side, the iodine cathode is in sore need
of a host that can effectively immobilize iodine species by physical/
chemical adsorption to prevent dissolution, as well as improve the
conductivity of the whole electrode [20]. Built on the above anal-
ysis, porous carbon displays immense potential in tackling the is-
sues of both anode and cathode simultaneously in AZIB. Apart from
the inherent merits of easily prepared, environmentally benign,
and numerous varieties, conductive porous carbon poses abundant
nanopore structures and the high specific surface area, which can
not only regulate the zinc ions diffusion and deposition but also
robustly confine the iodine species in the solid cathode by capillary
adsorption.

Herein, we propose a strategy of using porous carbon to syn-
chronously modify the zinc anode and immobilize the iodine active
materials. The zinc citrate derived porous carbon with an ultra-high
specific surface area of 2966.3 m? g~! was selected as an object
model to study the functions of porous carbon in the anode/cath-
ode electrode of AZIB. When served as the zinc deposition
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Recent Progress in Perovskite Solar Cells Modified by

Sulfur Compounds

Yi Zhou, Caiyun Liu, Fanning Meng, Chu Zhang, Guoying Wei, Liguo Gao,*

and Tingli Ma*

In the past decade, organic-inorganic hybrid perovskite solar cells (PSCs) have
begun to be increasingly studied worldwide owing to the superior properties of
perovskite material. However, some issues have delayed their commercialization,
such as their long-term stability, cost reduction, scale-up ability, and efficiency.
The introduction of sulfur to PSCs can relieve the above issues because sulfur can
passivate interfacial trap states, suppress charge recombination, and inhibit ion
migration, thereby enhancing the stability of PSCs. Furthermore, Pb—S bonds

provide new channels for carrier extraction. Herein, the sulfur-based compounds
utilized in PSCs are summarized and classified according to their functions in the
different layers of PSCs. The results indicate that these sulfur-based compounds
have efficiently promoted the commercialization of PSCs. It is hoped that this

review can help others understand the intrinsic phenomena of sulfur-based PSCs

migration distance.P’! Usually, PSCs are
composed of five functional layers, includ-
ing a transparent conductive oxide (TCO),
electron transport material (ETM; n-type
semiconductor), perovskite light-absorbing
material, hole transport material (HTM;
p-type semiconductor), and counter electro-
des (CEs). According to the direction of
carrier migration, the device can be divided
into an n-i-p or a p—i-n architecture, as
shown in Figure 1.

Although PSCs have demonstrated con-
siderable commercial potential, there are
still four issues that need to be solved.
First, certified PCEs for small-scale devices

and motivate additional investigations.

1. Introduction

Since being first reported by Kojima and coworkers in 2009,!"
perovskite solar cells (PSCs) have achieved a certified power con-
version efficiency (PCE) of up to 25.5% after 10 years of rapid
development.”! Such a remarkable achievement results from
the outstanding photovoltaic properties of a perovskite material
with the ABX; crystal structure, as shown in Figure 1, where
A=CH;NH;*(MA*Y), NH,CHNH,"(FA*), Ru*, or Cs*;
B ="Pb*" or Sn’*; and X =17, Br, or Cl". These outstanding
photovoltaic properties include a wide absorption range, high
absorption coefficient, suitable bandgap, and long carrier
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are still far from the highest theoretical

PCE (30.5%), which is mainly because of

the charge recombination within the perov-

skite film and at the interfaces.””! Second,
the motivation for cost reduction needs to be improved, includ-
ing finding alternatives for the expensive noble-metal electrodes
and complicated purification processes of carrier transport mate-
rials (CTMs).”! Third, the applications of PSCs are impeded by
several issues related to their stability, such as the sensitivity of
the perovskite layer to polar solvents, vulnerability to environ-
mental stress, and occurrence of ion migration.” Fourth, the
efficiency loss in scaling up PSCs is unavoidable due to the
increase in series resistance, uneven films, and inescapable
inactive areas.”)

To solve these issues, some strategies have been developed,
including the compositional regulation, dimensional
engineering, additive of precursor, and interface passivators.
Compositional regulation has been applied to adjust the optical
and electric properties of perovskite materials as well as enhance
their stability.® Dimensional engineering focuses on improving
the stability of PSCs by replacing the 3D perovskite absorber
layer with 2D perovskite.[”! Additive of precursor has been proven
to affect the crystallization and film formation of perovskite, and
optimize the energy band structure and stability of the devices.™”!
Interface passivators are widely used for defect passivation and
the improvement of film quality, thereby reducing nonradiative
recombination and improving device performance.'

Sulfur compounds could be used as the compositional regu-
lation, additive of precursor, and interface passivators of perov-
skite, which can significantly improve the PCE, cost reduction,
and stability of PSCs, as shown in Figure 2. However, no reviews
have focused on the effect of sulfur in PSCs. We summarized
the sulfide compounds utilized in PSCs and classified them

© 2021 Wiley-VCH GmbH
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Keywords:
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The planar organic-inorganic hybrid perovskite solar cells (PSCs) have in recent years had remarkable success
due to their superior optoelectronic performance. However, their power conversion efficiency is significantly
inferior compared to mesoporous structure PSCs. Unlike most other advances focusing on non-perovskite ma-
terials to improve device performance, herein a multifunctional double perovskite material, CsyPtlg, is proposed
as the grain boundary modifier of organic-inorganic hybrid perovskite films. Results show three main benefits of
introducing CsyPtls into perovskite films: (1) it prompts growth of perovskite crystals, resulting in improved
crystallinity and enlarged crystals; (2) it suppresses the trap assisted recombination at grain boundaries thanks to
the formation of heterojunction and interface passivation; (3) it raises the efficiency of carrier collection and
transport at grain boundaries owing to the high carrier mobility of CsyPtls. Consequently, a PCE of 23.56% is
achieved. The unencapsulated devices show less than 10% degradation compared to the initial performance after
storage in ambient (=~ 30%) humidity for 2000 h. This study outlines a simple yet effective strategy for boosting
the performance of planar PSCs.

Preferred orientation
Planar perovskite solar cells
Double perovskite

High efficiency

1. Introduction for large-scale commercialization.

To date, the best PCE of PSCs are achieved using mesoporous ar-

A host of serious problems caused by the overconsumption of fossil
energy have attracted more and more attention. The development and
utilization of carbon-neutral energy, especially the third generation of
photovoltaic (PV) technology, is critical in the quest to solve many of
these problems. Among the various PV devices, inorganic-organic
hybrid perovskites solar cells (PSCs) have experienced rapid advance-
ments because of their appropriate band gap due to tunable composi-
tions, a high absorption coefficient, an easy fabrication process and low
preparation costs [1-4]. Since the breakthrough of the all solid state
device in 2012 [5], the power conversion efficiency (PCE) of PSCs have
improved to over 25.5% [6]. Theoretical calculations show efficiency to
peak at around 30%, making PSCs one of the most promising candidates

chitecture devices with a TiOy mesoporous layer. However, the indis-
pensable high-temperature annealing process (typically 500°C) is
incompatible with flexible substrates and demands high energy input
[7]. Planar PSCs have proven to be a good alternative in diverse appli-
cations due to the low temperatures required for the manufacturing
process. But their PCE is still lower than that of mesoporous architecture
devices as a result of insufficient charge extraction-especially inside the
perovskite layer. This has adverse consequences including charge
accumulation, a reduced photocurrent conversion rate, and non-
radiative recombination loss. To overcome these drawbacks, the prep-
aration of high-quality perovskite film with larger grains, good
morphology with uniform coverage, fewer pinholes, and low defect

* Corresponding authors at: Graduate School of Life Science and Systems Engineering, Kyushu Institute of Technology, 2-4 Hibikino, Wakamatsu-ku, Kitakyushu,

and Fukuoka, Japan.
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o A data-driven method for predicting the
later service life of LIBs is proposed.

e Suitable removal rate can grasp the
nonlinear degradation laws in later ser-
vice life.

e High-correlation health indicators are
essential for enhancing the predictive 405
ability.

Maximum MAPE < 5%

Capacity (Ah)

33

Average RMSE = 32.8 mAh

Health Indicators

An appropriate removal rate and high-correlation health

indicators are essential for enhancing the predictive ability
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Data-driven method is an efficient tool for diagnostics and prognostics of lithium-ion batteries during their
manufacturing and service period. Accurately predicting the later service life of batteries is a meaningful task.
Still, it remains a challenge due to the nonlinear rapid capacity decay caused by the accumulation of inner
electrochemical deterioration. Here, we use a classic deep neural network algorithm to study the degradation
laws in later battery service life under the common role of multiple health indicators. A battery cyclic data pre-
processing method is proposed and several characteristic parameters with a high correlation to battery life are

carefully selected. Our models achieve an average test error within 5% using any continuous 30 cycles of data to
predict the battery capacity curve in the next 200 cycles. This study highlights the promise of combining
deliberate data processes with health indicators in data-driven modeling to predict the later service life of

lithium-ion batteries.

1. Introduction

Lithium-ion batteries (LIBs) have profoundly transformed the human
lifestyle through their use in consumer electronics, grid-scale energy
storage, and power batteries. Accurately predicting the state of health
(SOH) of LIBs by battery management system plays a key role in

* Corresponding author.
** Corresponding author.

ensuring the reliability of the device and avoiding safety accidents as far
as possible [1-3]. At present, two prediction methods, namely,
model-based and data-driven, have been proposed. For the model-based
method, an equivalent circuit model containing resistance, capacitance,
and inductance is needed to be constructed to simulate the electro-
chemical reaction process of the battery [4,5]. However, in fact, not only
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https://doi.org/10.1016/j.jpowsour.2022.231818

Received 29 April 2022; Received in revised form 16 June 2022; Accepted 1 July 2022

Available online 8 July 2022
0378-7753/© 2022 Elsevier B.V. All rights reserved.


mailto:yanlijing@cjlu.edu.cn
mailto:matingli123@cjlu.edu.cn
www.sciencedirect.com/science/journal/03787753
https://www.elsevier.com/locate/jpowsour
https://doi.org/10.1016/j.jpowsour.2022.231818
https://doi.org/10.1016/j.jpowsour.2022.231818
https://doi.org/10.1016/j.jpowsour.2022.231818
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpowsour.2022.231818&domain=pdf

Applied Catalysis B: Environmental 310 (2022) 121334

Contents lists available at ScienceDirect

Applied Catalysis B: Environmental

e 4

ELSEVIER

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

Check for

Simulated solar light-driven photothermal preferential oxidation of carbon  [%&s"

monoxide in Hy-rich streams over fast-synthesized CuCeO,_y nanorods

Xiaolin Guo *', Wangxiang Ye ™', Zi’ang Chen®, Ang Zhou?, Dingfeng Jin®, Tingli Ma "

2 College of Materials and Chemistry, China Jiliang University, Hangzhou 310018, PR China
b Graduate School of Life Science and Systems Engineering, Kyushu Institute of Technology, 2-4 Hibikino, Wakamatsu, Kitakyushu, Japan

ARTICLE INFO ABSTRACT

Keywords:

Hydrogen purification
Preferential oxidation of CO
Photothermal catalysis
CuCeO2-x nanorods

Solar light-driven

Aiming for purification the trace amount of CO in Hp-rich streams with reduced energy consumption and low
cost, solar-driven photothermal preferential oxidation of carbon monoxide on the non-precious metal oxide
catalyst is proposed in this work. Cu doped CuCeO;_4 nanorods catalysts were synthesized with a fast and simple
coprecipitation method at the room temperature, which shows high CO oxidation activity in photothermal
preferential oxidation of CO (CO-PROX) under UV-Vis-IR light irradiation. Rely on the various characterization
methods such as UV-Vis-IR diffuse reflection spectrum (UV-Vis-IR DRS), photoluminescence spectrum (PL),
transient photocurrent test, HRTEM, XRD, XPS, UV-Raman and Hj-TPR, the optical and chemical properties of
the CuCeO;_x nanorods catalysts were uncovered. The photothermal catalytic activity of CuCeO,_yx nanorods
doped with 10 wt% Cu reaches to 90% CO conversion under Xe lamp illumination (2.5 suns), and the solar driven
photothermal CO-PROX reaction on CuCeO;_y nanorods were proposed to be proceeded by the light-to-thermal
conversion and subsequently to drive a thermal catalytic process. The catalytic performance of CuCeOg_y
nanorods in photothermal CO-PROX is closely related to the photo-to-thermal conversion efficiency and Cu-Ce
synergetic interaction of CuCeO,_x nanorods catalyst. The introduction of CuOy greatly broaden the optical
absorption range and promotes the light absorption capacity of ceria nanorods, which induces the catalyst with
high photo-to-thermal conversion capability. Moreover, the optimal copper dopant benefits to enhance the Cu-Ce
synergetic interaction and accelerate the oxidation reaction taking place at low temperature. CuCeO»_x nanorods
catalyst shows promising competitive activity and ultra-low cost compared with the noble-based catalyst for the
purification of hydrogen streams by the clean and eco-friendly sunlight sources.

1. Introduction

Hydrogen is a clean secondary energy carrier. Proton exchange
membrane fuel cell (PEMFC) using hydrogen as fuel has the advantages
of high energy efficiency, low operating temperature and zero emis-
sions, and is an ideal energy source for hydrogen fuel cell vehicles. At
present, the industrial production of hydrogen is mainly derived from
the reforming reaction of fossil fuels (about 90% of the total produc-
tion), and the produced hydrogen-rich hydrogen contains about 10%
(V/V) of CO. After the water-gas shift reaction, the concentration of CO
in hydrogen-rich hydrogen is still as high as 2000 ppm, which cannot
meet the application requirements of proton exchange membrane fuel
cells. As an important part of the fuel cell-grade hydrogen production
and purification process, CO Preferential Oxidation (CO-PROX) can

* Corresponding author.
E-mail address: matingli123@cjlu.edu.cn (T. Ma).
1 These authors contributed equally to this work
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remove the CO concentration in the rich hydrogen to below 100 ppm,
which is considered as a very economical and effective method for deep
purification of trace CO in rich hydrogen. A wide variety of promising
catalysts based on supported noble metals (e.g., Au and Pt) [1-4] and
transition metal oxides (e.g., CuO-CeO5 and Co304) [5-10] have been
investigated for the thermal oxidation of CO, which mainly focus on the
thermal catalysis of CO-PROX.

More recently, simulated sunlight with UV-Vis-IR irradiation has also
been proposed to replace the thermal condition to perform the CO
oxidation reaction, avoiding the use of thermal sources to input energy
into the system. A series of work on Au-based catalyst photocatalytic CO
selective oxidation have been carried out by the research group of X. Fu,
and W. Dai, including PANI-assisted Au-TiO, Cu-modified Au-TiO9, Au/
ZIF-8-TiO2, Au-ZnCo304, Au-TiO2-C3N4 and other catalysts [11-15] for
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