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Waste leather-derived (Cr, N)-co-doped carbon cloth coupling with Mo,C
nanoparticles as a self-supported electrode for highly active hydrogen
evolution reaction performances

Qiaoling Kang ™', Yezhi Qin ™', Qingyi Lu™ ', Feng Gao ™"

& State Key Laboratory of Coordination Chemistry, Coordination Chemistry Institute, Collaborative Innovation Center of Advanced Microstructures, School of Chemistry
and Chemical Engineering, Nanjing University, Nanjing, 210023, PR China
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HIGHLIGHTS GRAPHICAL ABSTRACT

e A “changing harm for treasure” route is
proposed to create great
electrocatalysts.

o Cr-containing waste leather is used for
(Cr, N)-co-doped carbon cloth (CNCC).
e Loading Mo,C nanoparticles on CNCC
results in a self-supported HER

electrode.

e The self-supported Mo,C@CNCC elec-
trode exhibits great HER performances.

o Cr is unbeneficial for waste leather

A Q Moc
=~k
Impregnation | Pyrolyzing
treatment but beneficial for HER B o

performance 3 Cr-containing Waste leather MoO,/Waste leather Mo,C@CNCC

ARTICLE INFO ABSTRACT

Keywords: In leather industry, it is a big challenge to deal with tons of waste leathers, especially those containing chromium.
Waste leather On the other hand, non-precious cost-effective hydrogen evolution reaction (HER) electrocatalysts are of
Electrocatalysis

considerable demands for environmentally-friendly energy production. Herein, in order to meet these two
challenges, we creatively utilized chromium-containing waste leathers to fabricate high performance non-
precious HER catalysts. Leather consists of collagen bundles; high temperature annealing of Cr-containing
waste leather results in the formation of (Cr, N)-co-doped carbon cloth (CNCC). Molybdenum carbide nano-
particles can be simultaneously coupled onto CNCC (Mo2C@CNCC) by loading Mo oxyanions on waste leather
through wet impregnation before annealing. The resulted Mo,C@CNCC is self-supported and can be directly
applied as HER electrode, which exhibits outstanding electrocatalytic HER performances in alkaline media with
low overpotential (113 mV at 10 mA/cm?) and long-term stability (more than 70 h). The existence of Cr in waste
leather is unbeneficial for waste leather disposition, but plays an important role to enhance the HER perfor-
mances. This simple “changing harm for the treasure” route provides a new green concept for dealing with waste
leather and creating high performance electrocatalysts.

Hydrogen evolution reaction
Self-supported electrode
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A Universal Strategy for Carbon-Supported Transition Metal
Phosphides as High-Performance Bifunctional Electrocatalysts
towards Efficient Overall Water Splitting

Qiaoling Kang, Mengyuan Li, Jiangwei Shi, Qingyi Lu,* and Feng Gao*
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ABSTRACT: Exploring cost-effective and general approaches for highly

active and stable bifunctional transition metal phosphide (TMP) electro- RLNX B e

catalysts towards overall water splitting is greatly desirable and challenging. &' 7} w5

Herein, a general strategy combining sol—gel and a carbonization-assisted = - porpery

route was proposed to facilely fabricate a series of TMP nanoparticles, Bifunctional electrocatalyst
including CoP, MoP, FeP, Cu,P, Ni,P, PtP,, FeNiP, CoNiP, and FeCoNiP, HER OER

coupled in an amorphous carbon matrix with one-step carbon composite
formation. The resultant NiFeP@C exhibits excellent activities as a
bifunctional electrocatalyst toward oxygen evolution reaction (OER) and
hydrogen evolution reaction (HER) with low overpotentials of 260 and 160
mV, respectively, at 10 mA/cm? in 1 M KOH solution. With the NiFeP@C 1
electrocatalyst as both electrode materials, an integrated electrolyzer can o aw e e e e e NS
deliver 47.0 mA/cm? of current density at 1.60 V, better than the assembled pomm e
Pt/C20||IrO, counterpart. The encapsulation of NiFeP nanoparticles in the

carbon matrix effectively prevents their corrosion and leads to almost unfading catalytic activities for more than 20 h for either the
HER, OER, or overall water splitting, outperforming recently reported bifunctional electrocatalysts. The coexistence of Ni, Fe, P, and
C would have synergetic effects to accelerate charge transfer and promote electrocatalytic activity. This universal strategy for TMP-
based composites opens up a new avenue to explore TMPs as multifunctional materials for various applications.

JmAem®)

KEYWORDS: universal strategy, metallic phosphide, oxygen evolution reaction, hydrogen evolution reaction, overall water splitting

Bl INTRODUCTION effective electrocatalysts often suffer from low conductivity and
poor durability, and great improvements are still needed to
make them be competitive with the precious-metal catalysts in
water splitting efficiency.

Nowadays, water electrolysis is widely considered as a
sustainable and green technique for mass production of
hydrogen, which is regarded to be a promising energy carrier

due to its high energy efficiency and good pollution control.t Recently, transition metal phosphide (TMP) nanostructures
In electrochemical water splitting, the oxygen evolution have emerged to be a new class of water splitting catalysts due
reaction (OER) and the hydrogen evolution reaction (HER) to their high reactivity and low cost.’ Although some
take place at the anode and the cathode to produce O, and H, achievements have been accomplished with nanostructured
gases, respectively. In order to effectively implement electro- monometallic phosphides (such as CoP and Ni,P), their water
chemical water splitting, high-performance electrocatalysts for splitting performances are still far from satisfactory.”® Lately, it
the OER and/or HER are prerequisite. So far, the electro- is revealed that incorporating foreign metal atoms into the
catalysts based on noble metals such as Ir/Ru and Pt are crystal lattice of transition-metal-based materials can expe-
known best for the OER and HER; however, their poor diently tune the local coordination environment and electronic

stability and limited reserves severely restrict their large-scale
applications. Moreover, it is difficult to efficiently operate water
splitting in an integrated electrolyzer when using two kinds of
catalysts for the respective half reactions due to the incongruity
of the optimum pH environment. Thus, bifunctional catalysts
that can perform well under same electrolyte conditions for
both the half reactions are greatly desirable.” Until now,
transition metals and their derivatives, including hydroxides,
oxides, or chalcogenides, have been developed to be bifunc-
tional water splitting electrocatalysts.S_5 However, these cost-

configuration and thus improve their electrocatalytic activ-
ities.”'® On the other hand, theoretical works have
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Agaric-derived N-doped carbon nanorod
arrays@nhanosheet networks coupled with
molybdenum carbide nanoparticles as highly
efficient pH-universal hydrogen evolution
electrocatalysts+t

Qiaoling Kang,? Mengyuan Li,? Zengrui Wang,® Qingyi Lu @ *? and Feng Gao (& *°

Non-precious, stable and efficient catalysts for the pH-universal hydrogen evolution reaction (HER) are
highly desirable to meet the vast energy demands. Herein, we report a facile and scalable strategy using
agaric as a precursor to construct a Mo,C-based HER electrocatalyst consisting of ultrafine Mo,C nano-
particles embedded within biomass-derived 3D N-doped carbon nanorod arrays@nanosheet networks
(Mo,C@N-CANSs). This electrocatalyst is highly active for the pH-universal hydrogen evolution reaction
and requires overpotentials of only 82 mV, 100 mV and 350 mV to drive a current density of =10 mA cm™
in acidic, alkaline and neutral media, exhibiting stable operation for 3000 cycles and 24 h long-term stabi-
lity. Theoretical calculations indicate that coupling Mo,C, N and CANs into a hybrid results in producing
wrinkles on carbon nanolayers, which changes the direction of sp? hybrid orbitals to push the Gibbs free
energy toward zero. This result reinforces the presence of a synergy effect between Mo,C and N-CANs in

rsc.li/nanoscale

1 Introduction

Hydrogen (H,) is considered to be the most attractive sustain-
able energy source to replace traditional fossil fuels for future
energy applications due to its high energy density and zero
carbon emission.” Current industrial H, production is primarily
generated through steam reforming of fossil fuels, which no
doubt is accelerating the depletion of fossil fuels.?
Electrochemical water splitting is an efficient and clean techno-
logy for sustainable hydrogen production.® In water electrolysis,
in order to minimize overpotential and achieve fast kinetics for
the hydrogen evolution reaction (HER), advanced electrocata-
lysts are highly desirable. Currently, platinum-based catalysts
have been demonstrated to be most efficient for the HER, but
their limited reserves and high price seriously impede their

“State Key Laboratory of Coordination Chemistry, Coordination Chemistry Institute,
Collaborative Innovation Center of Advanced Microstructures, School of Chemistry
and Chemical Engineering, Nanjing University, Nanjing 210023, P. R. China.

E-mail: qylu@nju.edu.cn

bDepartment of Materials Science and Engineering, Jiangsu Key Laboratory of
Artificial Functional Materials, Collaborative Innovation Center of Advanced
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tElectronic supplementary information (ESI) available. See DOI: 10.1039/
c9nr10236a

This journal is © The Royal Society of Chemistry 2020

Mo,C@N-CAN catalysts, which leads to their impressive HER performances.

wide applications. Subsequently, great research interest has
been devoted to developing alternative Pt-free electrocatalysts.”
To date, several Earth-abundant transition metal-based elec-
trocatalysts, including carbides,>® nitrides,”® phosphides,”°
and sulfides,"""* have been developed and performed impress-
ively in the HER in acidic media. However, efficient catalysts
that work under different pH conditions are still needed for
specific needs. For example, chloro-/water-alkali HER electroly-
zers need catalysts that work well in basic media, while some
microbial electrolysis cells require electrocatalysts that operate
efficiently in a neutral environment. Thus, the development of
electrocatalysts that perform well in a wide pH range is greatly
desirable but still remains a great challenge. Molybdenum
compounds, such as MoS,, Mo,B and Mo,C, have been
demonstrated to show excellent HER catalytic performances in
alkaline media."*'* Among these molybdenum compounds,
Mo,C has been attracting increasing interest as a high-per-
formance HER electrocatalyst due to its similar electronic
structure to Pt.'> In 2012, commercial Mo,C microparticles
were firstly reported to have good electrocatalytic HER activi-
ties in both acidic and alkaline media.'® Thereafter, great
efforts have been devoted to improving their catalytic perform-
ances. Previous research studies reveal that coupling Mo,C-
based catalysts into carbon-based materials, such as amor-
phous carbon, carbon nanotubes and graphene, is an effective

Nanoscale, 2020, 12, 5159-5169 | 5159


www.rsc.li/nanoscale
http://orcid.org/0000-0002-6160-9499
http://orcid.org/0000-0002-9915-4223
https://doi.org/10.1039/c9nr10236a
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR012008
http://crossmark.crossref.org/dialog/?doi=10.1039/c9nr10236a&domain=pdf&date_stamp=2020-02-21

#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

PERSPECTIVE

Intrinsic activity modulation and structural design
of NiFe alloy catalysts for an efficient oxygen
evolution reaction

{ ") Check for updates ‘

Cite this: Chem. Sci., 2021, 12, 3818

8 All publication charges for this article
have been paid for by the Royal Society

of Chemistry *b
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NiFe alloy catalysts have received increasing attention due to their low cost, easy availability, and excellent
oxygen evolution reaction (OER) catalytic activity. Although it is considered that the co-existence of Ni and
Fe is essential for the high catalytic activity, the identification of active sites and the mechanism of OER in
NiFe alloy catalysts have been controversial for a long time. This review focuses on the catalytic centers of
NiFe alloys and the related mechanism in the alkaline water oxidation process from the perspective of
crystal structure/composition modulation and structural design. Briefly,
metastable phases, heteroatom doping and in situ formation of oxyhydroxides are encouraged to

amorphous structures,

optimize the chemical configurations of active sites toward intrinsically boosted OER kinetics.

Furthermore, the construction of dual-metal single atoms, specific nanostructures, carbon material
Received 8th December 2020

Accepted 8th February 2021 supports and composite structures are introduced to increase the abundance of active sites and

promote mass transportation. Finally, a perspective on the future development of NiFe alloy

DOI: 10.1039/d0sc06716d electrocatalysts is offered. The overall aim of this review is to shed light on the exploration of novel

Open Access Article. Published on 11 February 2021. Downloaded on 12/2/2021 11:38:25 AM.
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1. Introduction

Given the limited fossil energy storage and the environment
deterioration caused by fossil fuel consumption, shifting from
fuel-based economic development to a sustainable and clean
economy is an urgent need but a huge challenge at present.'”®
Accordingly, electrochemical water splitting, producing H, at
the cathode and O, at the anode has been widely researched as
promising technology to solve the energy crisis.”** However,
due to the sluggish kinetics of the oxygen evolution reaction
(OER), especially the huge dynamic barrier resulting from the
four-step proton-coupled electron transfer process, effective
catalysts are needed to narrow the gap between theoretical
calculations and actual required potentials.**® Although some
noble metal-based materials, such as RuO, and IrO,, have been
demonstrated to be highly efficient OER electrocatalysts, their
high cost and scarcity severely restrict their large-scale
commercialization.”***® This serves as a strong driving force to
stimulate the investigation of non-noble metal-based OER
electrocatalysts.

“State Key Laboratory of Coordination Chemistry, Coordination Chemistry Institute,
Collaborative Innovation Center of Advanced Microstructures, School of Chemistry
and Chemical Engineering, Nanjing University, Nanjing 210023, P. R. China.
E-mail: qylu@nju.edu.cn
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Functional Materials, Collaborative Innovation Center of Advanced Microstructures,
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R. China. E-mail: fgao@nju.edu.cn

3818 | Chem. Sci,, 2021, 12, 3818-3835

electrocatalysts in the field of energy.

Among the numerous reported 3d transition metal-based
electrocatalysts, NiFe-based materials have been brought to
the forefront due to their excellent electrocatalytic perfor-
mances and low cost.>*?® Remarkable achievements have been
made regarding the use of transition metal alloys, which exhibit
superior performances mainly originating from their inherent
electronic and chemical properties.>*' Among them, the NiFe
bimetallic alloy is one of the most promising candidates to
expedite the kinetically sluggish OER owing to its low cost and
intrinsic catalytic activity.*>* In past six years (2015-2020), the
number of publications and relevant citations on NiFe alloy
electrocatalysts have increased rapidly, as shown in Fig. 1a.
Great efforts have been devoted to design alloy nanostructures
with a large surface area, well-exposed active sites, and good
electronic conductivity to lower the overpotential remarkably
for oxygen evolution (Fig. 1b). The recently reported NiFe alloy
catalysts exhibit superior catalytic activities, and thus are ex-
pected to replace expensive noble metal catalysts.**** Mean-
while, the progressive insight into the structure-activity
relationship has further revealed the properties and mechanism
of NiFe alloy catalysts. Following recent achievements, it
appears necessary to propose a comprehensive, authoritative,
and critical review to emphasize their principles for electronic/
structural modulation. In this perspective, we cover the
impressive progress in explaining the active roles of NiFe alloy
catalysts for OER catalysis together with the optimization of
their intrinsic activity (including crystal structure modulation
and composition optimization) and structure. Furthermore, we

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Effect of wall thickness of hollow TiO, spheres on properties of polyacrylate
film: Thermal insulation, UV-shielding and mechanical property
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ARTICLE INFO ABSTRACT

Keywords:

Hollow TiO, spheres
Polyacrylate
Composite film
Thermal insulation
UV-shielding

Hollow TiO, spheres were fabricated by calcining the polystyrene-titania composite microspheres prepared via a
sol-gel process of titanium tetrabutoxide (TBT) using cationic polystyrene (PS) spheres as template. The wall
thickness of hollow TiO, spheres was finely tuned between 13 nm and 94 nm by varying the amount of titania
precursor from 0.43 wt% to 1.25 wt% based on polystyrene latex during the coating process. The thermal in-
sulation, UV-shielding, and mechanical properties of polyacrylate (PA) film were obviously enhanced by in-
troducing hollow TiO, spheres via physical blending method. Moreover, these properties exhibit a trend of first

good and then become worse with the wall thickness of hollow TiO, spheres increasing. When the wall thickness
of hollow TiO, spheres is 43 nm, the properties of polyacrylate/hollow TiO, composite film are optimum.

1. Introduction

According to the reports by International Energy Agency [1],
buildings are responsible for about 40% of world energy used in 2014,
which can be attributed to the poor thermal insulation characteristics of
existing building elements [2]. The external thermal insulation com-
pound system has become one of the most competitive systems to save
energy in buildings [3]. However, the exterior wall thermal insulation
mainly use polystyrene foam boards at present, which are very thick
with the disadvantages of cumbersome, high cost, narrow construction
scope [4]. Therefore, the construction industry had started seeking out
a way to replace the thick-layer thermal insulation technique. The thin-
layer thermal insulation coating has attracted intensely attention be-
cause of the efficient thermal insulation performance, simple con-
struction and lower cost [5]. A variety of functional inorganic fillers
including sepiolite, vermiculite, clay and metal oxide are normally
loaded into the polymer matrix to prepare thin-layer thermal insulation
coatings [6].

Inorganic hollow spheres with internal sizes ranging from nan-
ometer to micrometer have been the focus of many researchers, and
numerous corresponding synthetic techniques have emerged [7,8]. On
a theoretical ground, hollow spheres have specific advantages such as
low thermal conductivity and low density due to a large amount of air
or other gas constrained [9]. Therefore, they are regarded as a new
generation of thermal insulation materials [10], that aim at taking

benefit from physical effects, such as the Knudsen effect, to reduce
thermal conductivity of materials as much as possible [11], and have
been gradually applied to thermal insulation coating materials in recent
years [12,13]. However, only hollow glass microspheres [14] or hollow
glass-ceramics [15] microspheres with internal sizes from several mi-
crometers to tens of micrometers are used in practice at present
[16-18]. In addition, there are some studies on thermal properties that
were focused on aerogels [19]. Hollow glass microspheres and hollow
glass-ceramics microspheres result in deterioration of other properties
due to their big size. Aerogels are very costly and easy to aggregate.
These points hinder their practical applications in many areas [20].
Moreover, the improvement of these materials to thermal insulation
performance only depends on their low thermal conductivity because of
their hollow structure in nature. In fact, high light reflection is also
important for improving thermal insulation besides low thermal con-
ductivity. However, combining high light reflection with low thermal
conductivity to realize thermal insulation has never been reported.
On the one hand, hollow TiO, spheres possess superior light re-
flection and low thermal conductivity because of their hollow structure
and the properties of TiO, itself. This makes them a very promising
candidate for thermal insulation. On the other hand, one distinctive
advantage of hollow TiO, spheres for thermal insulation application is
their controllability, i.e. the particle size and porosity, the chemical
composition and the packing manner/density [21]. It is a known fact
that the size, morphology and structure of materials significantly
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