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ABSTRACT

Electrocatalytic water splitting (EWS) is a promising route to produce green
hydrogen, which is centrally hindered by the anodic oxygen evolution reaction
(OER) due to its sluggish kinetics. To advance the OER process, substantial efforts
have been put into exploring high-performance catalysts. Recently, transition
metal-based sulfide (TMS) and boride (TMB) catalysts have attracted enormous
attention, while the design of novel TMSs/TMBs with high cost-effectiveness is
an ongoing challenge. Hence, in this thesis, useful catalyst design strategies are

developed for the construction of cost-effective TMS/TMB electrocatalysts.

The P and W dual-doping strategy was first used to design OER
electrocatalysts from FeB with accelerated surface reconstruction and regulated
intrinsic activity of evolved FeOOH. The obtained catalyst demonstrates an
excellent OER activity (an overpotential of 209 mV to achieve 10 mA cm?),
surpassing most boride-based catalysts. Specifically, anion etching facilitates
surface reconstruction and W doping enhances intrinsic catalytic activity.
Moreover, the hierarchical structure and amorphous features also benefit OER.

This study provides a powerful strategy to construct efficient OER catalysts.

A morphology control strategy was then performed to construct nickel
sulfides for overall water splitting (OWS). By taking advantage of small size, large
electrochemical surface area, and good conductivity, the nanoworm-like nickel
sulfides exhibit better performance for OWS than the nanoplate-like analogues.
This study provides a facile strategy to design sulfide-based electrocatalysts for

diverse applications.

Designing catalysts from wastes can further enhance catalysts' cost-
effectiveness. Herein, a boriding method is developed to turn waste printed circuit
boards into OER catalysts (FeNiCuSnBs). High metal recovery rates (> 99%) are
attained, and the optimal FNCSB-4 attains 10 mA cm at an overpotential of 199
mV. The in-depth study suggests that the superior OER performance arises from
accelerated surface self-reconstruction by B/Sn co-etching, and the newly formed

multimetal (oxy)hydroxides are OER active species.
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The boriding strategy was further implemented to convert spent adsorbents
into heterostructural OER catalysts (NiCuFeB/SA) which outperforms many state-
of-the-art catalysts. Comprehensive analyses suggest the high catalytic efficiency
mainly attributed to the porous biochar confined well-dispersed metallic borides

and the in situ evolved metal (oxy)hydroxides.

This thesis has realized the design of cost-effective TMS and TMB-based
electrocatalysts for EWS, which provides guidelines for further design of novel
catalysts for advanced electrochemical applications from earth abundant resources.
In addition, the boriding strategy presented here may open up a new avenue to

design functional materials from wastes.

XX1



CHAPTER 1

Introduction



1.1.Research background

The ever-growing demands in energy and the alerts for global
environment deterioration and climate change have impelled researchers to
develop green and advanced strategies to secure renewable energy supplies.
Currently, hydrogen energy is recognized as an appealing alternative to
exhaustible fossil fuels because of its earth abundance, high gravimetric energy
density, and zero carbon footprints (Ding et al., 2021; Huang et al., 2017).
However, a key challenge in the development of hydrogen energy is the
sustainable and clean production of hydrogen gas (Yang et al., 2018).
Compared with other conventional methods to produce hydrogen,
electrocatalytic water splitting (EWS) is regarded as an efficient strategy to
obtain hydrogen gas with high purity. The EWS comprises two half-reactions,
including the OER at the anode and the hydrogen evolution reaction (HER) at
the cathode. Compared with the 2e HER process, the anodic 4e OER is a more
sluggish process, which is the main obstacle to fulfil efficient water electrolysis
systems. To advance the OER efficiency, substantial efforts have been put into

exploring cost-effective catalysts.

The efficiency of EWS 1s greatly governed by the electrochemical
properties of catalysts. Nevertheless, noble metal (e.g., Ir, Pd, Ru, Pt) and
oxides (e.g., IrO2, RuO») exhibit high performances for HER and OER
separately, the applications are severely limited by their low abundance and
high cost as well as poor stability in long-term operation. Alternatively,
numerous metal-based catalysts, especially transition metals (TMs), have
achieved great success in the EWS process. To our delight, many TM-based
catalysts even outperform the noble metal-based catalysts (Guo et al., 2019b;
Luetal., 2019; Sun et al., 2019a; Xin et al., 2019; Zhu et al., 2019b). Among
various TM-based catalysts, TM sulfides (TMSs) and TM borides (TMBs)

have attracted great interest owing to their good -electroactivity, high
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conductivity, tunable physical and chemical properties, and low price
(Nsanzimana et al., 2019; Wu et al., 2021). Although remarkable progress has
been achieved in the design of TMS and TMB-based catalysts for EWS, the
development of novel cost-effective electrocatalysts is still an ongoing
challenge. Typically, how to develop efficient catalyst design strategies to
transform the mediocre materials into a high-performance catalyst through
increasing the number of electroactive sites and enhancing the conductivity,

intrinsic activity, and durability needs further investigations.

Apart from adopting efficient catalyst design strategies to develop
favourable electrocatalysts, another vital factor that governs the cost-
effectiveness of catalysts is the cost of catalytic materials. Recently, the
synthesis of functional materials (e.g., adsorbents, catalysts, and electrode
materials) from waste, which has environmental and economic benefits, has
attracted growing attention (Assefi et al., 2019; Natarajan and Aravindan, 2018;
Niu and Xu, 2019). Inspired by the concept of "waste-to-treasure" strategy and
industrial ecology, considerable attention has been arisen to recycle and reuse
urban mines solid wastes, including the ever-increasing electrical and
electronic wastes. Recycling critical TMs (e.g., Fe, Ni, Cu, Sn, Mn) from the
massive amount of wastes are particularly interesting, not only for their high
economic potential but also ascribing to its potential environmental risks (Sun
et al., 2020). To this end, developing novel methods to convert the wastes into
efficient catalysts would significantly reduce the cost of electrocatalysts and

eventually enhance the cost-effectiveness of the electrolyzer systems.

1.2.0Dbjectives and scope of the research

This thesis focuses on developing TM-based electrocatalysts with high

cost-effectiveness for EWS. Different TMS and TMB-based electrocatalysts



are designed and synthesized, and their applications in EWS (especially in

OER) are explored. The specific objectives of the present study are as follows:

(1) To develop an efficient strategy to upgrade the electrocatalytic
performance of iron borides for OER and investigate the catalytic mechanism

with experimental and computational tools.

(2) To develop a useful approach to enhance the electrocatalytic activity
of nickel sulfides for OWS and uncover the structure-performance relationship

of nickel sulfides.

(3) To develop a method to turn electronic wastes into efficient
electrocatalysts for OER and correlate the structure-performance relationship

of the waste-derived catalysts.

(4) To develop efficient OER electrocatalysts from spent adsorbents and
correlate the structure-performance relationship of the spent adsorbents-

derived catalysts.

1.3.Research significance

This research mainly focuses on two main issues in the design of cost-
effective electrocatalysts for water electrolysis. First, this research provides
powerful strategies for the design of high-performance catalysts. Second, this
research can offer efficient methods for the design of high-performance
electrocatalysts from wastes, which is of great economic and environmental
significance. Accordingly, the results presented in this thesis would provide
enlightenment for the future design of cost-effective TM-based electrocatalysts
for water splitting and other electrochemistry-driven advanced energy

processes.

1.4.0rganization of the thesis
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This thesis contains eight chapters and the main content of each chapter

are listed as follows:

Chapter 1 introduces the research background of developing TM-based
electrocatalysts for water splitting, together with the objectives and scope of

the research. The research significance is highlighted afterward.

Chapter 2 reviews the recent advances in the design of TMSs and TMBs

for EWS, and an emphasis is put on illustrating the catalyst design strategies.

Chapter 3 introduces the detailed materials and experimental methods
used in the study. It mainly includes experimental materials, catalyst
preparation methods, materials characterization methods, and electrochemical

techniques.

Chapter 4 demonstrates a rational design of tungsten and phosphorus co-
doped amorphous FeB (W, P-FeB). It is found that the catalytic performance
of in situ formed FeOOH can be improved via accelerating surface
reconstruction by anion (P and B species) leaching and regulating intrinsic
activity by evolved W incorporated-FeOOH. The results show that efficient
pre-catalysts can be designed using a rational strategy through component
regulation with P and W doping in amorphous FeB. Anion etching during the
OER process can not only accelerate the mass/charge transfer but also facilitate
surface self-reconstruction. Density functional theory (DFT) calculations
further confirm that the W doping efficiently enhances intrinsic electrocatalytic
activity by enhancing conductivity and optimizing the adsorption free energy
of reaction intermediates. This study provides a fundamental insight into the
correlation between surface structure- catalytic activity and an effectual

strategy to design pre-catalysts for high OER performance.

Chapter 5 shows a one-step solvothermal method to construct nickel

sulfides as efficient water splitting catalysts. By taking advantage of the small
5



size, abundant active sites, large electrochemical surface area, and good
conductivity, the nanoworm-like nickel sulfides (NiS-NW/NF) exhibit better
OER performance than the nanoplate-like analogues. Additionally, the NiS-
NW/NF directly used as bifunctional electrodes for OWS requires a low
voltage of 1.563 V to attain jio with good long-term durability. This work
provides a facile strategy for the design of efficient nickel sulfide-based

electrocatalysts for energy conversion applications.

Chapter 6 demonstrates a facile boriding strategy to directly convert the
multimetal cations contained leachates of waste printed circuit boards in
multimetal borides (FeNiCuSnBs) for efficient OER. Fe, Ni, Cu, and Sn have
been efficiently recovered from the leachate via the novel boriding process.
The as-obtained mixed metal boride catalysts have exhibited excellent OER
performance with low OER catalyst manufacturing costs. Additionally, it is
unveiled that the accelerated surface reconstruction induced by B/Sn etching
significantly promotes the OER process. Moreover, the efficient mass/charge
transfer and multiple active sites (Ni/Fe/Cu (oxy)hydroxides) and the
amorphous hierarchical structure also benefit the OER performance.
Considerably, the proposed facile and efficient boriding strategy can be applied
to regenerate efficient catalysts from WPCBs and be extended to the high-
efficiency waste metal recovery and reutilization of critical metals from other

electrical and electronic wastes.

Chapter 7 introduces a facile boriding route to directly convert the
multiple metal ions contaminated biochar adsorbents into heterostructured
electrocatalysts. Via this one-step boriding strategy, the converted spent
biochar adsorbent shows high efficiency in electrocatalytic OER. With a low
manufacturing cost, the optimized heterostructured catalyst exhibits excellent
OER performance. Furthermore, comprehensive analyses suggest the high

catalytic efficiency mainly attributed to the porous biochar confined well-



dispersed nano-sized metallic borides. The boriding method developed in this
report can not only be applied to regenerate efficient catalysts from biochar-
based spent carbon-based adsorbents, but can be further broadened to other
types of spent heavy metal removal products, like membranes, metal
oxides/sulfides absorbents, metal-organic frameworks, and polymeric

nanocomposites, for other types of advanced applications.

Chapter 8 concludes the main results of the four studies in Chapters 4 —

7 and outlines future research challenges and perspectives in this field.



CHAPTER 2

Literature review

This chapter has been published as Current Opinion in Green and Sustainable
Chemistry, 2021, 27, 100398, Journal of Materials Chemistry A, 2019, 7(25),
14971-15005, and Nano Research, 2020, 13(2), 293-3 14 with modifications.



2.1. Hydrogen energy and electrochemistry of water splitting

Rapidly increased utilization of traditional fossil fuels and the negative
environmental consequences have motivated researchers to develop advanced
strategies to secure renewable and affordable energy supplies (Chen et al.,
2020d; Lyu et al., 2019). Due to the earth-abundance, high gravimetric energy
density, and carbon-free emission, hydrogen energy is a promising candidate
to replace exhaustible fossil fuels (Shan et al., 2019). Currently, most of the
hydrogen gas (over 95%) is produced from fossil fuels, however, such a
process induces severe environmental problems. Alternatively, water
electrolysis powered by renewable energy sources (e.g., solar, wind) can
produce high-purity eco-friendly hydrogen, which is recognized as a green and
sustainable technology to fulfill the hydrogen economy (Fig. 2.1) (Dastafkan
and Zhao, 2020; Jiang et al., 2020; Zhang et al., 2020a).
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Figure 2.1. A sustainable pathway for the circulation of the hydrogen economy
by combining renewable energy and water splitting (adapted from (Zhang et

al., 2020a)).

Electrochemical water splitting (EWS) can produce high-purity oxygen
and hydrogen gases in water electrolyzers at the anode and the cathode,

respectively. The possible reaction pathways are listed in Fig. 2.2 (Guo et al.,
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2019d; Varun Vij, 2017). Theoretically, EWS just needs a potential of 1.23 V
(25 °C, 1 atm) to initiate the reactions (Chaudhari et al., 2017; Han et al., 2016).
However, a higher potential is required due to the intrinsic reaction activation
barriers and other factors (e.g., contact and solution resistances) (Han et al.,
2016). Hence, it is sensible to design cost-effective electrocatalysts for EWS.
Especially, compared with the two-electron HER, the anodic four-electron
OER is a more sluggish process, which is the main obstacle to fulfil efficient
water electrolysis systems. To improve the OER efficiency, great efforts have

been made to explore high-performance and cost-effective electrocatalysts.

OERin acidic electrolyte: i_)g

H,0+ * s HOY + H* 4 - /\“7 -~ HER in acidic electrolyte:

HO*— O*+H' +e H;0'+ *+e — H*+H,0
O0*+ H,0 — HOO* + H* + & H*+H*—> H,
HOO* — *+0,+H* +e H;0*+ H*+e — H,+H,0

OER in basic electrolyte:
OH + *— HO*+e

HER in basic electrolyte:
H,0+*+e — H* + OH

HO*+OH — 0*+H,0+¢e H*+H*— H,

0%+ OH — HOO* + & H* + H,0 + e — H,+ OH-

HOO* +0OH— *+ 0,+H,0+ e

Figure 2.2. Scheme of water electrolyzers and the possible reaction pathways

in basic and acidic solutions.

2.2. Key parameters for catalyst evaluation

To guide the design of novel catalysts, it is of great significance to assess
and compare the catalytic activities of different catalysts. Currently, some
crucial parameters have been measured, including the overpotential (),
turnover frequency (TOF), Tafel plots, Faradaic efficiency, and durability,
which can be used to evaluate the performance of the catalysts. In this part,
these parameters will be briefly introduced, and more discussions can be

obtained from an informative review by S. Anantharaj et al. (2018). # is the
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extra potential that is required to overcome the reaction barriers and initiate the
electrochemical reactions. Commonly, the 77 at a fixed current density (j) (e.g.,
10 mA cm™, denoted as j10) is calculated to estimate the activity of the catalyst;
a lower 7 value illuminates a better electrocatalytic activity. Tafel plot can be
obtained from the linear sweep voltammetry (LSV) curves. It discloses the
electrochemical reaction kinetics by correlating the electrochemical reaction
rate to #. The linear regions of the Tafel plot can be fitted by the Tafel equation
(7 = a + b log j, where b means the Tafel slope). When # = 0, the acquired j
obtained from the Tafel equation is defined as the exchange current density (jo).
Normally, jy indicates the intrinsic activity of electrocatalysts in the

equilibrium state. For a good electrocatalyst, a low b and a large jy are required.

The Faradaic efficiency presents the utilization efficiency of the electron
involved in the electrochemical reaction (i.e., OER or HER). It can be obtained
by comparing the amount of the produced gas from the electrodes to the
theoretical value. Usually, the amount of produced gas(es) can be determined
via the internal water displacement method or measured by gas
chromatography (GC). Additionally, the rotating ring disc electrode (RRDE)
voltammetry (Guo et al., 2019d) or the fluorescence-based oxygen sensor (Han

et al., 2016) can be used to measure oxygen.

TOF is interpreted as the number of reactants (H,O) that an electrocatalyst
can convert to the desired product (Hz or O2) per catalytic site per time unit.
Therefore, TOF represents the intrinsic electrocatalytic activity of every
catalytic site. Typically, the value of TOF can be measured by the following
equation, TOF = (j4)/(aFn), where A is the surface area of the working
electrode; a represents the electron numbers of the catalyst; F' means the
Faraday's constant, and » is the number of moles of the active materials. It
should be noticed that not all of the sites/atoms of the material are equally
accessible or catalytically active, and thus it seems unrealistic to receive a
precise TOF value for electrocatalysts. Nonetheless, it is still meaningful for

comparing similar electrocatalytic materials.
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Durability is another crucial parameter that determines the practicability
of an electrocatalyst in commercial applications. Generally, there are two
routes to measure the stability of the electrocatalysts. The first one is to record
the chronoamperometry curves or chronopotentiometry curves in a long-term
operation. The second one is the accelerated degradation test, which records
the LSV or cyclic voltammetry (CV) curves for thousands of cycles. A durable
catalyst is expected to show a negligible shift of current density or potential

after the stability test.

2.3. Transition metal-based electrocatalysts for water splitting

Both HER and OER involve several critical reaction intermediates
including H*, O*, HO*, and HOO*. The generation of these intermediates is
a prerequisite for EWS, which is governed by the properties of electrode
materials (electrocatalysts). Therefore, nanomaterials that can effectually form
these surface species with appropriate bonding energies are thus considered
favorable electrocatalysts (Joo et al., 2019). In this context, noble-metal (NM,
e.g., Ir, Ru, Pt, Pd)-based electrocatalysts are excellent candidatures for EWS.
However, the prohibitive cost and limited reserves of NMs considerably
hamper their large-scale applications (Wan et al., 2019a). Therefore, it is of
great significance to develop low-cost, electroactive, and robust

electrocatalysts for EWS (Kong et al., 2020; Xing et al., 2019).

Transition metals have significantly contributed to the development of
advanced electrocatalysts because of their high abundance, impressive
activities, and easy accessibility. Lately, researchers perform intensive and
extensive studies on the design and application of TM-based catalysts for EWS.
To our delight, grand progress on both catalyst synthesis and mechanism
explorations rapidly pushes the boundary of the field to a high level. Part of
these TM-catalysts are promising alternatives to the NM-based materials and

provide new concepts to design cost-effective electrocatalysts for EWS.
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Notably, TMs, TM alloys, and TMXs (X = O, S, Se, N, P, C, and B) exhibit
good catalytic activities. Among these categories, TMS and TMB are well
studied because of their high conductivity, high electroactivity, and low-cost
(Nsanzimana et al., 2019; Wu et al., 2021). In this section, the recent
achievements of TMS and TMB-based catalysts will be showcased and

classified by the catalyst design strategies.
2.3.1. Transition metal sulfides

TMSs are outstanding catalysts for alkaline HER and OER owing to their
high catalytic activity and low price (Anantharaj et al., 2016). Researchers hold
different opinions on the role of S atoms in TMSs in their excellent catalytic
activities. On one hand, catalytic activities were determined by the electronic
properties of S atoms. With high electronegativity, S atoms in TMSs could
withdraw electrons from TMs, and then sulfur acts as the electroactive sites to
regulate the adsorption/desorption of reaction intermediates (Joo et al., 2019).
On the other hand, S atoms may play an indirect role in alkaline HER by
creating S vacancy to modify the electron density of TMs or improving water
dissociation via the S*-TM"*-H,O network (Joo et al., 2019; Staszak-Jirkovsky
et al., 2016). Currently, MoS,, NixSy, and CoxSy are the most reported TMSs,
and the fabrication and catalysis of MoS, have been extensively studied and
reviewed (Wang et al., 2018b; Wei et al., 2018). Therefore, in this part, we

emphasize the design strategy of high-performance TMSs.

2.3.1.1. Anion doping

NixSy (NiS, NiSz, Ni3S,, etc.) manifests good structural stabilities and
appealing catalytic activities which exhibits great potentials for alkaline HER,
especially the Ni3Sz. To further elevate the catalytic performance of Ni3Sa,
doping appears as an attractive method. Take nitrogen as an example, Kou et

al. (2018) prepared an N-doped NizS2/NF through hydrothermal reaction and
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ammonia treatment (Fig. 2.3a). Compared to the pristine Ni3S,, the modified
one exhibited a better alkaline HER ability with a lower 7 and Tafel slope (Fig.
2.3b-c). In addition, theoretical analysis implied that the outstanding catalytic
activity of N-doped Ni3S2 could be attributed to the enriched electroactive sites
and the favourable AGu+ (Fig. 2.3d). Interestingly, it was unveiled that the
activity of Ni3S; particularly relied on the coordination number of the surface
S atoms, as well as the charge depletion of the neighboring Ni atoms. Yu et al.
(2018) also suggested that N-doping could significantly improve the
electrocatalytic activity of Ni2Ss. The N-doped Ni2S3 possessed a high surface
area, and the great differences in electronegativity between H and N facilitated
the adsorption of H. These features significantly upgraded the catalytic
performance of N-doped Ni»S3, with a lower 77 compared to Ni2S3 (1770 = 105
vs. 228 mV). Similarly, Zhong and co-workers (2018b) investigated the
electrocatalytic performance of N-doped NizS2/VS,. Compared with bare
Ni3S2/VS,, the N-doped sample exhibited improved conductivity and a larger
catalytically active area. Consequently, the N-doped NizS2/VS; exhibited a
HER activity than other samples (e.g., Ni3S2/VS2, N-doped Ni3Sz, and NizS»).
Briefly, the N-doping method can enrich the catalytic active sites, improve the

conductivity and optimize the adsorption energy of reaction intermediates.

2.3.1.2. Cation doping

Other than anion-doping, introducing metal atoms into Ni3S, frameworks
also can improve electrocatalytic performance. Jian et al. (2018) fabricated Sn-
doped Ni3S; nanosheets by a facile hydrothermal process. Impressively, the
Sn-Ni3S2/NF only took a very low potential of 1.46V at 10 mA cm 2 for OWS.
The Sn doping changed the morphology of pristine Ni3S; and improved the
intrinsic catalytic performance. Apart from Sn, other metals (e.g., Fe (Zhang
et al., 2018b), V (Qu et al., 2017), Mn (Du et al., 2018)) also act as effective

dopants that can improve the alkaline HER activity of Ni3S,. For example,
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Zhang et al. (2018b) disclosed the mechanism for the enhanced electrocatalytic
performance of Fe-Ni3S2/NF by systematic experiments and DFT calculations.
The Fe-doping could enlarge the active surface area, improve the electronic
conductivity, boost the water adsorption ability, and optimize the H adsorption
energy of Ni3S,. These advantages cooperatively benefit the overall

electrocatalytic performance of Fe17.5%-NizS2/NF.

2.3.1.3. Defect engineering

Defect engineering by constructing S vacancies can further tailor the
catalytic performance of TMSs. Theoretically, the presence of vacancies can
modify the physicochemical properties and the electronic configuration of
TMSs (Zhang and Lv, 2018), thus refining the intrinsic activity of catalysts.
Zhang and co-workers (2018a) fabricated a non-layered structure of Co3S4
ultrathin porous nanosheets with plentiful S vacancies (Co3S4 PNSyac) by Ar
plasma-induced dry exfoliation (Fig. 2.3¢). The obvious electron paramagnetic
resonance (EPR) signal with g =2.003 implied the abundant S vacancies (Fig.
2.3f). Electrochemical experiments indicated that the mass activity of Co3S4
PNSyac was higher than that of pristine Co3S4 samples. As a result, the modified
Co3S4 owned an extraordinarily large mass activity of 1056.6 A g’ at an 7 of
200 mV, surpassing the Pt/C (20 wt.%) electrode (Fig. 2.3g). In addition, Co3S4
PNSyac possessed a lower water adsorption energy than Co3S4, so S vacancies
could efficiently expedite the initial step of alkaline HER (Fig. 2.3h). The
activation energy barrier of the water dissociation process for Co3Ss PNSyac
was also the lowest, which could benefit the formation of catalyst-Hags (Fig.
2.31). Altogether, the kinetics of alkaline HER can be impressively boosted.
Moreover, Wu et al. (2017b) suggested that the rich S vacancies/defect sites in
CoMoS layers could enhance the reactive sites for alkaline HER because the

catalytic active sites are located at the basal edges of catalysts. More relevant
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information on this topic can be found in the previous reviews by Jia et al.

(2018).
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Figure 2.3. (a) Schematic of the preparation of Ni3S2/NF and N-doped
Ni3S2/NF. (b) HER polarization curves of the pristine (black) and N-doped
Ni3S2/NF (red). (c) Tafel plots of the pristine and N-doped Ni3Sy/NF. (d)
Reaction energy of H adsorption, AGn+, displayed for sites present before
(black lines) and after treatment (red lines) (adapted from (Kou et al., 2018)).
(e) Scheme for the preparation of Co3Ss PNSyac. (f) EPR spectra of CosS4
PNSyac and Co3Ss NS. (g) The mass activity of different samples as a function
of 1. (h) The adsorption energies (AE.4s) and (i) the activation energy barriers
of an H,O molecule on three models surfaces (adapted from (Zhang et al.,

2018a)).

2.3.1.4. Constructing heterostructures

Recently, a growing number of high-performance TMSs are fabricated as
hybrids. These composites commonly consist of two or more active
components. Strong interactions between the different compounds can induce

electron transfer which will significantly optimize the intrinsic catalytic
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activity of the metallic sites in TMSs (Feng et al., 2018). Recently, Feng et al.
(2018) reported a Cu-Ni3S> hybrid for alkaline HER (Fig. 2.4a-b). Compared
with the single Ni3S> and Cu-based samples, the metal/metal sulfide hybrids
manifested a better electrochemical activity (Fig. 2.4c-d). The DFT
calculations indicated that the electron density of Cu increased while the
electron density of Ni3S> decreased. The positively charged Cu could adsorb
and activate H>O molecules by capturing O atoms of water. As a result, the
Cu/Ni3S; hybrids owned a lower water adsorption energy and could promote
H>O adsorption for alkaline HER (Fig. 2.4e). In addition, the Cu/Ni3S; hybrids
attained appropriate adsorption energy of H (Fig. 2.4f), which was beneficial
to H desorption. In short, the hybridization of Cu with Ni3S; can facilitate the

entire process of alkaline HER process (Fig. 2.4g).

In addition, the mixed TMSs possess more active sites and the electron
tunneling effects between different TMSs also benefit the alkaline HER. For
instance, Liu et al. (2018b) fabricated a 3D heteromorphic NiC02S4/Ni3S2/NF
network with NiCo-LDH as the precursor (Fig. 2.41). The HRTEM image
elucidated the interfacial heterostructure between NiCo02Ss and NizS:
terminations (Fig. 2.4h). The electrochemical tests indicated that
NiCo02S4/Ni3So/NF manifested a better catalytic activity towards HER with the
lowest 770 (119 mV) and smallest Tafel slope (105.2 mV dec!) compared to
other samples in Fig. 2.4j-k. Moreover, recently documented hybrids, like
NiCo02S4/Co9Ss (Basu, 2018) also exhibit distinguished catalytic performance
in alkaline HER.
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Figure 2.4. (a) Schematic illustration of the microstructure of Cu NDs/Ni3S;
NTs-CFs. (b) HRTEM image of Cu/Ni3S; border. (¢) LSV curves and (d) Tafel
plots of Cu NDs/Ni3S; NTs-CFs, Ni3S; NTs-CFs, Cu NDs-CFs, and CFs. (e)
The calculated adsorption free energy changes of H>O on Cu/NizS», NizS;, and
Cu. (f) H adsorption free energy profiles of Cu NDs/Ni3S; hybrid, NizS», and
Cu. (g) Schematic of hydrogen evolution process on Cu/NizS; (adapted from
(Feng et al., 2018)). (h) HRTEM images of NiCo02S4/Ni3So/NF. (i) Schematic
illustration of 3D NiCo02S4/Ni3S2/NF. (j) Polarization curves and (k) the
corresponding Tafel slopes of NiCo2S4/Ni3S2/NF, NiCo-LDH/NF,
NiCo02S4/NF, Ni3S2/NF, and bare Ni foam (adapted from (Liu et al., 2018b)).

2.3.2. Transition metal borides

Boride-based electrocatalysts are emerging as promising candidates for
HER and/or OER catalysts due to their good catalytic activity, earth abundance,
wide accessibility, and environmental benignity (Hao et al., 2018).
Nevertheless, the promotable electroactivity, and low exposure of the surface-
active site, of TMBs hampered their electrocatalytic performances severely
(Chen et al., 2019a). To tackle these issues, a series of advanced strategies are
advocated to tailor the property of TMBs by morphology, component, structure,

or surface engineering.
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2.3.2.1. Morphology control

The morphology of catalysts has profound effects on the electrocatalytic
performance by determining the population of the exposed active sites and
governing the adsorption/desorption behaviors of the intermediates and
reactants (Wang et al., 2018c). For TMBs, the large particle size and thick
aggregates/films severely constrain the exposure of catalytic active sites and
remarkably inhibit the catalytic performance of TMBs for EWS. To disperse
the catalyst particles and increase the exposure of the active centres, the
morphology of TMB can be shaped by downsizing or building nanostructures

such as nanochains, nanosheets, nanospheres, and hierarchical nanostructures.

TMB catalysts present as large particle sizes with low active surface areas
due to the agglomeration in the synthesis, which dramatically affects the
catalytic activity (Wu et al., 2019¢). Downsizing TMBs into nanoparticles is a
feasible and efficient strategy, which can enlarge the specific surface area and
populate accessible active sites; the process further facilitates the interactions
between electrolytes and catalysts, and eventually upgrades the electrocatalytic
performances in EWS. For example, Zhang et al. (2018c) designed the Co-
10Ni-B and the Co-10Ni-B-sp catalysts by chemical reduction and water-in-
oil micro-emulsion strategy, respectively. The mesoporous Co-10Ni-B-sp
exhibited a smaller average particle size (10 = 3 nm) and a higher Brunauer-
Emmett-Teller (BET) surface area (118.85 m? g!) than the Co-10Ni-B (20 +
5nm and 46.89 m? g !). These characteristics drastically increased the density
of active sites. As a result, the Co-10Ni-B-sp exhibited better electrocatalytic
performance for OER than Co-10Ni-B, with a lower 77 (710 =310 vs. 330 mV
of Co-10Ni-B) and a lower Tafel slope (66 vs. 73.3 mV dec™! of Co-10Ni-B).

Nanosizing also has significant impacts on the electroactivity of TMB
catalysts (Jothi et al., 2018; Wang et al., 2019b; Zeng et al., 2016). Wang et al.
(2019b) found that the bipolar electrochemistry (BP) treatment could reduce
the size of commercial Mo2Bs and W2Bs from the micrometer to nanometer;
meanwhile, the thickness of bulk materials was significantly decreased. The

BP-treated borides possessed a higher electrocatalytic performance for HER
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than the bulk counterparts, and the BP-treated W2Bs exhibited the best activity
(710=210 mV, Tafel slope 62.2 mV dec™!). In addition, the downsized samples
showed lower charge transfer resistance (Rct) compared to their counterparts.
Hence, the abundant active sites, fast electron transfer, and less oxidized
surface contaminants induced by the BP treatment resulted in better HER

performance.
2.3.2.2. Nanostructure control

The shape-dependent properties of TMB catalysts also attract enormous
interest. To avoid the aggregation of TMB particles, unique nanostructures
have been designed. Nanostructure control not only facilitates the
enhancement of electroactive sites but promotes the penetration/diffusion of
electrolytes in electrocatalytic processes (Chaudhari et al., 2017). Hence, the
control of nanostructure demonstrates a favourable strategy to upgrade the

ultimate electrocatalytic performance of the TMBs.

Recently, TMBs with diverse nanostructures (nanochains, nanosheets,
nanoparticles, etc.) have exhibited impressive electroactivity for water splitting.
For example, Nsanzimana and co-workers (2019) found that metal precursors
have a vital influence on the morphology of TMBs. Four Co-B samples
prepared with different cobalt salts (chloride (Cl), nitrate (N), acetate (Ac), and
sulfate (S)) exhibited distinct nanostructures. Nanosheets and nanoparticles
were fabricated using cobalt nitrate and chloride accordingly. Not surprisingly,
the Co-B (N) nanosheets with the highest surface area exhibited the best
electrocatalytic activity for OER than the peer catalysts. These results provide
a facile tactic to control the morphology of resulting TMBs by selecting
appropriate precursors. In this framework, nanochains also have been designed
and exhibited appealing catalytic performance for EWS (Li et al., 2019d; Wu
et al., 2019c). Li et al. (2019d) synthesized the NiCoFeB nanochains with the
addition of polyvinyl pyrrolidone (PVP) in the chemical reduction process.
Elements of Fe, Co, and Ni were evenly dispersed in the amorphous NiCoFeB
nanochains with a width of ~ 20 nm. Benefited from the nanochain structure
and composition of multi-metals, NiCoFeB exhibited great potential for both

HER (7710 = 64 mV, Tafel slope 80.9 mV dec™') and OER (3710 = 264 mV, Tafel
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slope 126.2 mV dec™!).

Constructing hierarchical nanostructures emerges as an efficient strategy
to develop high-performance electrocatalysts. A hierarchical nanostructure is
composed of different nanoscale subunits, including nanoparticles/quantum
dots (zero dimension, 0D), nanotubes/nanobelts/nanochains/nanowires (1D),
and nanosheets (2D) (Wang et al., 2018c). Hierarchical nanostructures can take
full advantage of the edges of each subunit and offer more chances to modify
the physical and chemical characteristics for various applications. Furthermore,
the hierarchical nanostructures can avoid particle aggregation, facilitate the
exposure of electroactive sites, and accelerate the electrolyte penetration and
diffusion, in addition to the rapid release of gaseous products in the

electrocatalytic process (Wang et al., 2018c).
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Figure 2.5. (a) Schematic illustration of the synthesis of VCNB via self-
templated ion exchange method combined with atomic layer deposition. (b)
TEM image of VCNB. The inset shows an enlarged image of the marked
region. (¢) EDX images for Co, V, Ni, and B in VCNB. Partial DOS (PDOS)
plots for (d) VCNB and (e) possible charge transfer procedure in VNCB
(adapted from (Han et al., 2019b)).

Han and co-authors (2019b) reported a vanadium-doped cobalt nickel

boride (VCNB) via a self-templating route combined with the atomic layer
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deposition (Fig. 2.5a). The VCNB hierarchical nanostructures consisted of
boride nanosheets anchored on the hollow nanoprism (Fig. 2.5b). Surprisingly,
V was well scattered over the hierarchical nanosheets, and a double-layered
structure (V-CNB-V) was successfully constructed (Fig. 2.5c). The as-
prepared VCNB exhibited a high catalytic performance for OER (710 = 340
mV, Tafel slope = 58 mV dec™!). The intriguing V-CNB-V double-layered
structure played a key role in maintaining the great OER activity and durability.
DFT calculation unveiled that the V atoms in the vicinity of Co and Ni served
as charge carrier suppliers enhancing charge transfer (Fig. 2.5d-e).
Additionally, the induced electronic double layers of V could effectively
inhibit the dissolution of the surface active sites. Therefore, the advantages of
VCNB hierarchical nanostructure can be summarized in the following aspects.
First, the hierarchical structure results in populated electroactive sites and
efficient release of generated oxygen bubbles. Second, the V-CNB-V double-
layer structure improves the charge transfer and stability. Third, the Ni atoms
lower the energy barriers of the adsorption/desorption of intermediates, while
Co and B atoms act as active sites for water oxidation. Currently, only a few
TMB hierarchical nanostructures were reported, and more efforts are

encouraged to explore high-performance TMB nanostructures for EWS.
2.3.2.3. Component tailoring

The wide selection of TMB precursors provides massive opportunities for
constructing high-performance TMB electrocatalysts with desired chemical
compositions. For TMBs, the category and composition of the elements can
significantly modulate the morphology, electronic structures, and robustness
of the electrocatalysts, and ultimately the electrochemical performance (Liu et
al., 2017). In this part, the implications of boron/metal ratios and hetero-atom

dopants are detailed.

The B/TM atomic ratio can influence the morphology and intrinsic
electrochemical activity of TMBs. Park and co-workers (2017a) discovered the
boron-dependent electroactivity of MoxBy for HER in acidic solutions. The

boron-rich MoB: exhibited the highest electrocatalytic activity, followed by 3-
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MoB, a-MoB, and Mo2B. The electrochemical surface area (ECSA) results
indicated that the HER activity was promoted with increased B content from
Mo,B to MoB,. Similar phenomena were reported by Zhang et al. (2016b),
who found that Ni-Bo.ss possessed a better electrocatalytic activity than its
counterparts for HER in the wide pH range, following the order of Ni-Bo.s4 >
Ni-Bo.s > Ni-Bo 36 > Ni-Bo.27. It is intriguing to notice that the average particle
size of Ni-Bx decreased from 2.27 to 0.55 um when the B/Ni atomic ratio
increased from 0.27 to 0.54. Additionally, NiBx with a richer content of B
exhibited a higher ECSA than other borides. More active sites (metallic Ni
nanocrystals) would be exposed on the NiBo.s4 surface to electrolytes which
enhanced the HER performance. Apart from MoBx and NiBx, FeBx also
presented a similar tendency. However, Ma et al. (2017b) reported the
contradictory results that there was no direct correlation between OER
performance of CoxB and Co/B ratios. Compared with CoB and Co3B, Co.B
exhibited higher electrochemical activities for OER (Co2B > Co3;B > CoB).
Further investigations suggested that the ECSA values of CoxB catalysts were
in line with their trend in OER performance, and Co2B exhibited a higher
effective active area. Additionally, the R¢ of Co2B was smaller than the
analogues, indicating a faster charge transport during the electrochemical
processes. Therefore, the higher performance of Co,B was attributed to its

better conductivity and larger active areas.

Based on the above results, it may not be accurate to predict the
electrochemical activity of TMBs just based on the B/TM atomic ratio. The
reason may be that other characteristics/factors (e.g., particle size, morphology,
surface area, structure, nature of active sites) can profoundly affect the
electrocatalytic performance, and the variation of B/TM atomic ratios would
partially tailor these features. As a result, these factors should be critically
evaluated in the catalytic system to unveil the intrinsic role of TMBs in

electrocatalytic reactions (Park et al., 2017a).

The synergic effect can be induced by incorporating other metal elements
to enhance the catalytic performance of TMB. The hetero-metal dopants can

enlarge the surface area by diminishing the agglomeration, providing more
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electroactive sites, regulating the crystal structure, and modulating the
electronic structures (Guo et al., 2019a; Nsanzimana et al., 2018b). Therefore,

cationic doping is a favourable strategy to develop mixed metal brides.

The influence of alien-metal dopants on the regulation of the electronic
structure of TMBs has been extensively researched. The modified electronic
configuration of TMBs can directly alter the intrinsic electrocatalytic activity
of the surface active sites (Nsanzimana et al., 2018a; S. Gupta, 2016). For
example, Li et al. (2019d) investigated the EWS performance of TMBs with
different metal compositions. the multimetal borides nanochains were
prepared with a one-pot chemical reduction. As a result, the OER and HER
activities of TMBs highly depend on the category of metal dopants.
Specifically, with more metal species involved, the catalytic activities are more
favourable. The theoretical calculation witnessed the changes in electronic
structure from CoB to NiCoFeB, as well as their different reaction energy
barriers for OER. First, the Co-3d band in NiCoFeB had a higher
electronegativity than that in CoB, which was ascribed to the electron transfer
from Ni and Fe sites, especially the Fe-3d band. This was verified by the 3d
orbital behaviors of Fe sites on the surface of NiCoFeB. The Fe-3d-t>g had been
broadened into multipeaks compared with the Fe-site from the bulk metal,
indicating the mixed-valence states for Fe (e.g., Fe’" and Fe*") from NiCoFeB
system. Second, the significant charge transfer between Co and B was
experienced in NiCoFeB due to the better band-overlapping of Co-3d and B-
2p orbitals. Besides, the stronger spin-polarization induced by the Fe-3d band
in NiCoFeB benefited the dissociation of H>O molecules over the strong
polarized Co-surface-sites. Further, the NiCoFeB had a lower energy barrier in
water splitting than the CoB (1.60 vs. 2.53 eV). The cationic doping improves
the electrocatalytic activities of CoB by enhancing the electronegativity of Co,
boosting the surface charge transfer, and facilitating water dissociation and

mediation of the intermediates.

Chen et al. (2017) also probed the synergistic effect of Co and Fe in
CoFeB for OER. Compared with FeB and CoB, the CoxFeB showed a better

activity toward OER. The co-occurrence of Co and Fe not only increased the
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proportion of high-oxidation-state Co-OOH species but also promoted the
conductivity. Interestingly, the atomic ratio of Co/Fe could affect the
electrochemical performance, and Co2-Fe-B (2 was the molar ratio of Co/Fe)
performed better than its analogues. The highest Co?"/Co®"*" transformation

3+/4+

amount (73.03 mC cm2) and the high-valence Co species (Co**'*") account for

the superior activity of Co sites in OER.

Apart from improving the intrinsic catalytic activities and conductivity of
TMBs, previous results demonstrated that metal doping could effectively
shape the morphology by preventing TMBs from agglomeration
(Chattopadhyay and Srivastava, 2017; S. Guptaa, 2017). Therefore, the
electrocatalytic properties can be enhanced by exposing more active sites. For
example, Gupta and co-authors (2017) found that Mo-doping in Co-B led to
lower agglomeration and a smaller average size than the bare Co-B (18 = 6 vs.
30 nm). Moreover, The BET and ECSA results further confirmed the
morphology change: the mesoporous Co-3Mo-B showed higher surface area
(38.8 £ 0.5 m? g ') and ECSA (Cai: 0.380 mF ¢cm2) than Co-B (20.3 = 0.3 m?
g1, 0.240 mF cm2). Consequently, the Mo insertion increased the number of
surface active sites. Furthermore, the higher TOF value of the Mo-doped
sample indicated that Mo-doping also enhanced the intrinsic activity of the per
catalytic site. As a result, the Co-3Mo-B exhibited a more satisfactory
reactivity than Co-B in HER (#10: 96 (Co-3Mo-B) vs. 197 (Co-B) mV, pH =
7).

Notably, the insertion of metals into TMBs can have diverse effects on
the properties of catalysts, including the morphology, conductivity, and
electronic configuration of the surface atoms. Hence, further research is
expected to figure out the overall influence of cationic doping on the catalysts;
more precise information can be provided for the principle of developing high-

performance boride-based electrocatalysts.

Anionic doping is another strategy to regulate the electronic structure of
TMBs, stemming from the different electronegativity between B and other
anions (Kim et al., 2018; Sun et al., 2018). Phosphorus, with rich electrons, has

been intensively investigated as a dopant to improve the electrochemical
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activities of TMBs. Kim and co-workers (2018) found that Cos9B2oP2i
exhibited a better electrocatalytic activity for HER than Co-P and Co-B (710 =
172 mV, Tafel slope = 68 mV dec!). Although the B/P atomic ratio had a
marginal effect on the morphology of catalysts, the Cos9B2oP21 (B/P = 1)
exhibited higher electrocatalytic properties than the analogues. Intriguingly,
the HER intrinsic activity exhibited a volcano relationship when plotted as a
function of the B/P ratio in the Co-P-B system. In-depth XPS results implied
that the competitive electron transfer between Co-P and Co-B was operative in
the ternary Co-P-B system and was maximized in CosoP20B21 due to the

favourable electronic structure of Co modulated by both P and B.

Importantly, the DFT results can further uncover the effects of anionic
doping on the electronic structures of TMs. Hu and co-authors (2019a)
investigated the influence of P and B co-doping on the electrocatalytic
activities of an amorphous NiFe-based electrocatalyst. As expected, the P, B
co-doping resulted in higher electrocatalytic performance of a-NiFePB for
OER than the counterparts. DFT results suggested that the d electrons of both
Ni and Fe were delocalized at the Fermi level to some extent, improved by the
incorporation of P atoms, and further boosted by co-doping with P and B atoms.
The off-domain effect of electrons not only promoted the electron transfer and
conductivity but upgraded the intrinsic activity of the catalytic sites.
Additionally, the narrowed d-band centre induced by B and P doping enhanced
the interactions between the reactants and active site, ultimately improving the
catalytic performances. Sun et al. (2018) also reported the advantages of Co-
B-P over binary Co-P or Co-B for HER. Apart from the contribution of
electronic regulation, the high superhydrophilicity of Co-B-P also facilitated
the HER, because the hydrophilic and aerophobic surface accelerated the

hydrogen gas released from the electrode surface.

The integration of dual-doping with metal and metal-free elements is an
emerging schedule to further ameliorate the electrochemical performance of
TMBs. Wu et al. (2019¢) found that both Co and P doping could increase the
OER and HER performance of Fe-B. The as-prepared chain-like Co;-Fe;-B-P

quaternary electrocatalyst showed higher catalytic performances for HER (710
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=173 mV, Tafel slope = 96 mV dec™!) and OER (310 = 225 mV, Tafel slope =
40 mV dec™!) than its counterparts (e.g., Fe-B and Coi-Fe;-B). The satisfactory
electrocatalytic activities mainly derive from the following aspects: (i) the
coupling effects among B, P, Fe, and Co, which accelerates the electrocatalytic
process by reducing the energy barrier; (ii) the 1D chain-like structure
facilitates the exposure of active sites, mass transport, as well as the gas
evolution. Currently, anionic doping has yet received enough attention, and
more efforts are encouraged to explore the underlying mechanisms and design

high-performance anionic-doped TMBs for water splitting.
2.3.2.4. Phase engineering

Crystalline phases of solid materials have remarkable impacts on their
physical and chemical properties because of the differences in packing density,
surface energy, reactivity, and durability. Moreover, it is highly ascertained
that the electrocatalytic properties of materials considerably rely on the
crystalline phase; thus, phase engineering can be an appealing strategy to

manipulate the intrinsic electrocatalytic activity of TMBs.

Researchers recently found that the variation of B substructures in
crystalline TMBs has a phenomenal effect on electrocatalytic activities.
Typically, the boron layers in MB>-type crystalline borides have four basic
arrangements, including AIB,-type diborides (M = Ta, Cr, Hf, Ti, Zr, Mo, V,
Mn, and Nb), WBa-type diboride (M = W), ReB»-type diboride (M = Re), and
RuB»-type diboride (M = Ru) (Guo et al., 2019a). The boron atoms are
covalently bonded into graphene-like boron layers in AIB»-type diborides,
while WB: possesses both puckered (phosphorene-like) and graphene-like
boron layers; these boron layers feature "chair" and "boat" configurations in
ReB> and RuB: diborides, respectively. For a typical transition metal, the
boride with the flat graphene-like boron layer shows a higher electrocatalytic
activity for HER than the counterparts (Jothi et al., 2018; Park et al., 2019).
Park et al. (2017b) investigated the HER performance of Mo:B4, which
consists of both flat and puckered boron layers. Surprisingly, the Mo2B4

exhibited similar catalytic performance to a-MoB2 (73.5: 270 vs. 260 mV, Tafel
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slope: 80 vs. 75 mV dec™!), although Mo2B4 possessed a five-time larger
surface area and a higher ECSA than a.-MoB3 (Cai: 156 vs. 101 uF cm™2). These
results suggested that Mo,B4 possessed fewer active sites than a-MoB», and
DFT calculations unveiled the mystery. The computation of AGuy for H
adsorption on different surfaces showed that H bonded much stronger on the
phosphorene-like boron layer than on the graphene-like boron layer, and AGu
of flat B layers is closed to the benchmark Pt. Therefore, the puckered
phosphorene-like B layers perform unsatisfactorily for the HER, while

graphene-like B layers exhibit magnificent catalytic activities.

Inspired by this, Park and co-authors (2019) designed the a.-Moo.7Wo.3B2
with flat B layers, by partially substituting Mo with W. Although a-WB; and
B-WB:> contain both graphene-like and phosphorene-like boron layers, the
introduction of 30% W did not change the B layers in a.-MoB>, and only flat B
layers were presented in the as-prepared a-Moo7Wo3B2. Electrochemical
results demonstrated that the HER performances of different catalysts were
closely related to the structure of B layers in an order of f-MoB2 < -WB» <
o-MoB: < a-Moo.7Wo.3B2. Compared with the a-MoB», the better catalytic
activities of a-Moo.7Wo.3B2 were mainly due to the synergistic effects between
Mo and W. In-depth DFT calculations also uncovered the importance of flat B
layers to the HER process due to the favourable AGy on graphene-like B layers.
Therefore, crystalline borides with flat B layers are supposed to be more
favourable for HER. Currently, the effects of B layer structures on the OER

performance have not been explored, which deserves more attention.

The existence of amorphous phases is another feature of the TMBs.
Compared with the crystalline analogues, amorphous phases have a higher
proportion of under-coordinative and unsaturated sites. This eases the
adsorption of intermediates/reactants in the EWS processes (Chattopadhyay
and Srivastava, 2017; Han et al., 2019a). Additionally, the isotropic structure
and chemical stability of amorphous TMBs also improve their overall
performance for electrocatalytic reactions. Recently, a great number of
amorphous TMBs have shown excellent performances for HER and/or OER.

Intriguingly, some reports suggest that amorphous phases outperform the
28



crystalline counterparts for HER/OER. For example, Sun et al. (2018)
regulated the crystallinity of the amorphous Co-B-P by heating the sample at
500 °C, and a mixture of Co,B and Co was obtained. Compared with the
amorphous Co-B-P, the crystalline phase showed inferior -catalytic
performance for the HER. Similarly, the crystallinity of the Co-Ni-B-O sample
was found to be positively correlated with the annealing temperature (Fig.
2.6a), while the electrocatalytic activity of the amorphous Co-Ni-B-O for OER
declined gradually with the increase in crystallinity (Fig. 2.6b) (He et al.,
2018b). These results highly advocate the advantages of amorphous TMBs

over their crystalline counterparts.
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of Co2B, Co2B-500 and references of CoO and Co foils (adapted from (Masa
et al., 2016)).

However, many contradictory results imply that the moderate
improvement in crystallinity can profoundly upgrade the electrocatalytic
performance (Cao et al., 2017; Jiang et al., 2017a; Jiang et al., 2017b; Masa et
al., 2017; Masa et al., 2016; Xu et al., 2017). For instance, Masa et al. (2016)
investigated the electrocatalytic properties of Co,B annealed at different
temperatures. The crystallinity of Co2B samples increased with the elevated
annealing temperature (Fig. 2.6c) and enlarged particle size. The HRTEM
images indicated that discrete nanocrystallites of Co,B in the extensive
amorphous layer (Fig. 2.6d-e). Surprisingly, the Co2B-500 exhibited the best
catalytic performance for OER than the counterparts (Fig. 2.6f-g). Apart from
the increased electrical conductivity and modified electronic structures, the
authors claimed that the enhanced activity of Co2B in OER at higher annealing
temperatures (up to 500°C) was also associated with the lattice strain of cobalt
crystal induced by boron (Fig. 2.6h-i). The lattice strain in Co potentially
diminished the thermodynamic and kinetic barriers for the formation of key
intermediates (e.g., OOH*), and thus facilitating the OER process.
Nevertheless, the decrease in activity at much higher annealing temperatures
was certainly due to the reduced surface area because of the growth in particle

size.

Combining the individual advantages of amorphous and crystalline
phases, Han and co-authors (2019a) investigated the role of crystalline-
amorphous interfaces of F-doped Co2B in the OER process. The as-prepared
F-Co2B exhibited high-density crystalline-amorphous interfaces (c-a
interfaces). Compared with Co;B and RuO;, the F-Co2B showed a higher
performance for OER with a small 7710 (320 mV) and a low Tafel slope (32 mV
dec™!). The ECSA of F-Co:B was about 80 times greater than that for Co.B
because the c-a interfaces in F-Co2B offered numerous active sites for the OER.
Furthermore, the TOF values of Co,B and F-Co,B were 0.005 and 0.22 s7',
respectively at an 77 of 320 mV. Therefore, the c-a interfaces also drastically

upgraded the intrinsic OER activities. DFT calculation further uncovered the
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role of c-a interfaces in the OER process. The energy barrier for the rate-
determining step (III) (< 2 eV) was greatly reduced at the c-a interface,
compared with those of the crystalline phase (5.18 eV) or the amorphous phase
(4.0 eV). Interestingly, the HRTEM image of the post-OER sample illustrated
the emergence of cobalt (oxy)hydroxide phases at the c-a interfaces. The
energy landscapes illustrated that the CoOOH and Co(OH). species are
favourable active species for the generation of O2 and OOH, respectively. As
a result, the c-a interfaces with the cobalt (oxy)hydroxide phases led to

magnificent OER performance.

It should be noticed that characterizations beyond XRD are required to
monitor the phase change during the heating treatment. Thermal annealing at
a relatively low temperature has a negligible effect on the XRD patterns, but
many nanocrystalline and crystalline-amorphous phases may occur in this
process (Han et al., 2019a; Masa et al., 2017). Although phase engineering can
regulate the electrocatalytic performance of TMBs via tuning the electronic
structures, improving the conductivity, and/or offering more active sites, only
a few reports concentrate on phase engineering which deserves further

exploration.

2.3.2.5. Surface oxidation

The surface oxidation of TMBs is an inevitable process when the catalysts
are exposed to air/water (Nsanzimana et al., 2019; S. Guptaa, 2017; Sun et al.,
2019b). The oxidized TMBs surface can be composed of the TM
oxides/(oxy)hydroxides, as well as the boron oxides/borates (Masa et al., 2019;
Nsanzimana et al., 2019). More importantly, the formed oxygen-containing
species and core@shell (TMB@TM oxide/(oxy)hydroxide) structure play a
vital role in the electrochemical reactions. Many interesting studies have
explored the effect of surface oxidation on the HER/OER performance of
TMBs, which offers valuable information for the construction of high-

performance TMB electrocatalysts for EWS, especially OER.

The origins of surface oxidation are diverse. Exposure to air/water,
electrochemical activation, and electrochemical reaction (e.g., OER) can all
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facilitate the evolution of oxidized surfaces over TMBs. Masa et al. (2017)
investigated the effect of air exposure and electrochemical activation on the
chemical state of NixB. The air exposure of NixB for several hours resulted in
a high proportion of Ni(OH)> while the proportion of surface Ni-B decreased
profoundly (Fig. 2.7a). Correspondingly, the boron oxide species also
increased while the content of B) almost disappeared (Fig. 2.7b). Meanwhile,
the electrochemical activation process (50 cycles of potential cycling in 1.0 M
KOH between 0.95-1.65 V vs. RHE) could convert the Ni(OH), into NIOOH
(Ni*" — Ni*") in Fig. 2.7c. These pre-treatments can remarkably tune the
chemical states of TMBs. The evolved boron-oxo species and the TM-
oxide/(oxy)hydroxide species would benefit the following OER process. The
OER can also promote the generation of other oxygen-containing species on
the surface of TMBs (Jiang et al., 2017a; Xu et al., 2017). Jiang and co-authors
(2017a) compared the XPS spectra of NiBy.45 before and after OER. After OER
electrolysis, the B peak reduced significantly, and more BOx was produced
(Fig. 2.7d). In addition, the peaks of NiOx also increased, which was further
verified by electron microscopic and spectroscopic evidence. The HRTEM
image suggested a thin layer of nickel oxides/hydroxides with a thickness of
6-8 nm was formed on the NiBo4s surface after the OER test (Fig. 2.7¢). The
bands centered at 480 and 560 cm™! in the Raman spectra were assigned to
NiOOH. Further, the XAS spectra found that the surface coordination
environment around Ni in NiBo4s was modified from metal Ni-alike to NiO-
alike, and the valence state of Ni is increased from 0 to +2 after the OER
electrolysis (Fig. 2.7f). The scenarios in the HER process seem more complex.
In the acidic HER process, the formed oxides on TMBs will be dissolved
during the initial operation cycles (Park et al., 2017b). In contrast, mixed
results were observed in the alkaline HER process. On the one hand, Li et al.
(2017) found that the HER process had little effect on the chemical states of
the FeB> catalyst, supported by XPS and ICP-OES analysis. On the other hand,
Chen and co-workers (2018) found that the crystalline Co(OH), hexagonal
nanoplates emerged after the HER test (Fig. 2.7g-1). So more in-depth
investigations are necessary to uncover the variations of surface structure and

chemistry during the HER processes.
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Figure 2.7. XPS analysis: (a) Ni 2p and (b) B 1s core-level spectra of NixB
minimally exposed to air (i) and after prolonged air exposure (ii). (c) O 1s
spectra of NixB-300 before and after the electrochemical activation (adapted
from (Masa et al., 2017)). (d) High-resolution XPS spectra of B s of the
NiBo.4s/Cu before and after OER process. (¢) HRTEM image of a NiBo 45 NP
after used for OER electrolysis. (f) surface sensitive TEY XAS spectra at the
Ni L-edge for the NiBo.4s film before and after OER electrolysis (adapted from
(Jiang et al., 2017a)). (g) TEM image and (h) HRTEM image of the post-HER
CoB catalyst. The inset in (h) shows the SAED pattern. (i) XPS spectra of Co
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Taking the great advantages of TM oxides/(oxy)hydroxides in water
dissociation processes (Anantharaj et al., 2017; Dionigi and Strasser, 2016),
TMB@TM oxide/(oxy)hydroxide structures are promising candidates for
EWS. Wang et al. (2019a) employed a facile approach of air exposure to

oxidize the Fe;B and FeB; samples. The surface-activated FexB (Fe-B-
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O@FexB) was covered by an amorphous oxide/hydroxide layer due to the
strong peaks of Fe’" and B-O, as well as the negligible intensity of FexB in the
spectra of Fe 2p and B 1s. Surprisingly, the Fe-B-O@FexB showed comparable
OER performance to the IrO: catalyst. Further investigations revealed that the
Fe oxide/hydroxides and borates on the surface of the completely oxidized Fe-
B-O@FexB promoted the OER performance. However, surface oxidation leads
to poor HER performance. Guo and co-workers (2019¢) functionalized the
NixB surface with similar oxidation treatment. The surface oxidized NixB also
possessed a Ni-B-O@NixB structure. The increasing B content resulted in
more Ni oxide/hydroxide and BxOy species and less NixB. Hence, the boron-
rich Ni-B-O@NiB; with the highest Ni oxide/hydroxide and BxOy species
exhibited the most favourable OER activities than their counterparts.
Nevertheless, the HER performance of Ni-B-O@NixB was in the opposite
order. Namely, the less surface oxidation, the better HER activity. Herein, a

high reductivity of NixB is expected for functioning as the HER catalysts.

As aforementioned, the oxide-rich surface can be in situ generated during
the OER process, which offers a facile route to obtain high-performance TMB
catalysts for EWS. For example, Li et al. (2019b) found that the boronized Ni
was further oxidized after the electrochemical process. Intriguingly, the
Ni(OH); was transformed into y-NiOOH as the active catalytic phase in the
OER process. In this study, the importance of B/borates was also highlighted.
The borates formed in the OER process could modify the electronic structure
and increase the electron density around the Ni atoms because of the negative
shift of the Ni 2p3» peak. Moreover, the presence of borates accelerated the
electrochemical reaction rate, whereas the reaction pathways remained the
same. As a result, the activated and boronized Ni exhibited a higher OER
activity than the bare Ni.

Therefore, the surface activation via the facile oxidation can profoundly
tailor the surface chemical characteristics of TMBs. Generally, ™™
components will convert to TM oxides/(oxy)hydroxides, and the B will be
presented as boron oxides/borates. The types and ratios of different oxygen-

containing species are highly dependent on the selected treatment process.

34



Currently, the role of generated TM oxides/(oxy)hydroxides has been
emphasized, and these species can improve the OER activities. However, the
evolved boron oxides/borates are rarely investigated, although they have
exhibited great potentials as OER catalysts (Bediako et al., 2012; Chen et al.,
2016; Hu et al., 2019b; Ma et al.,, 2017a). Accordingly, more in-depth
discussions and surface characterizations are encouraged to explore the effect
of boron-containing species on the evolution of TM-containing species, as well
as on the OER activities. Another issue that should be taken into consideration
is the influence of oxidation on the HER performance. As discussed above,
many studies evidenced that the oxidized layer on TMBs is unfavourable for
HER (Guo et al., 2019¢; Park et al., 2017a; S. Gupta, 2016; Vrubel and Hu,
2012; Wang et al., 2019a; Wang et al., 2019b), while several reports indicated
that the oxidation can facilitate the alkaline HER through the formation of TM
hydroxides (Chen et al.,, 2019a). More in situ characterizations and
experimental analysis are suggested to elucidate the relationship between the

evolution of surface chemistry as well as the HER process.

2.3.2.6. Hybridization

It is well known that hybridization is a universal strategy to construct
high-performance catalysts. The hybrids harmonically inherit the individual
merits (e.g., good conductivity, abundant active sites, high electroactivity,
great durability) of different components, and thus leading to upgraded
performance (Long et al., 2019; Wang et al., 2018c). To improve the overall
catalytic performance of TMBs for EWS, it is vital to decrease the
agglomeration, improve the conductivity, and enhance the intrinsic
electroactivity by compositing TMBs with other promising nanomaterials.
Currently, functional materials, including conductive materials and

electroactive materials, have been employed to hybridize with TMB for EWS.

To improve the electrocatalytic activities for EWS, TMBs can be
supported over diverse porous materials, such as Ni foam (NF)/foil, Cu foam,
carbon, and titanium, acquire both high conductivity and large surface area
(Arivu et al., 2018; Hao et al., 2018). Due to their porous structure, these

supports can efficiently disperse the electroactive catalysts and reduce
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nanoparticles agglomeration; therefore, the composites can provide high
surface area and abundant active sites (Chattopadhyay and Srivastava, 2017).
Meanwhile, the porous scaffold also facilitates reactant diffusion through the

pores to accelerate the EWS process.

Ni foam is frequently served as a support to construct binder-free TMB-
based electrocatalysts because of its high conductivity, porous 3D structure,
and low price. These features can improve the conductivity and stability,
improve the dispersion of electroactive particles to attain a more electroactive
surface area, increase the contact between the catalysts and electrolytes, and
accelerate the release of generated gaseous products (Wang et al., 2018c). For
example, Sun and co-workers (2018) designed a Co-B-P/NF electrode by
electroless deposition under strong ultrasonication. Due to the firm adhesion
between NF and Co-B-P and the strong hydrophilicity, the Co-B-P/NF
electrode possessed a low interface resistance, high structural durability, and
abundant active sites, as well as accelerated mass transfer. Together with other
favourable properties toward HER, the as-prepared Co-B-P/NF showed great
HER performance, with a low 7710 (12 mV) and Tafel slope (42.1 mV dec™).

Apart from NF, other conductive substrates also exhibit great potentials
in the synthesis of TMB-based hybrids. Lately, Hao et al. (2018) deposited a
group of TMBs on different conductive substrates (CC, Ti foil, and Ni foil).
The FESEM images elucidated a rather uniform coating of the TMBs on the
conductive substrates, regardless of the chemical components of catalysts and
the materials of substrates. The as-prepared 3D networks showed intimate
interactions between the electroactive TMBs and the substrates, which
facilitated the charge transfer and enhanced the stability. Surprisingly, a variety
of supported TMBs exhibited impressive activities for HER and/or OER.

Carbon-based materials (carbon cloth/paper (Hao et al., 2019b; Kim et al.,
2018; Sheng et al., 2018), porous carbon (Li et al., 2018b), graphene (An et al.,
2018; Arivu et al., 2018; Masa et al., 2016; Nsanzimana et al., 2018a; Sun et
al., 2019b), CNTs (Chen et al., 2019a; Elumeeva et al., 2017), etc.) have been
frequently employed as TMB supports in EWS. Such hybrids would benefit
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from the physical and chemical features of carbonaceous materials, such as the
good electronic conductivity, large surface area, remarkable thermal stability,
and great mechanical strength. Recently, Nsanzimana et al. (2018a) prepared
a Fe-doped NiB coupled to reduced graphene oxide (GO) sheets by one-step
chemical reduction. The abundant carboxyl and hydroxyl groups on the 2D GO
could attract metal ions by electrostatic interaction; the introduction of NaBH4
simultaneously reduced the metal ions and GO to rGO. Compared to the
unsupported sample, the presence of rGO significantly boosted the OER
performance, and 30% rGO was then revealed to be optimal. As the supported
and unsupported catalysts with similar compositions shared a similar OER
catalytic mechanism, the rGO support significantly enhanced the electrical
conductivity rather than acting at the active compounds. Other studies also
verified the rGO in the TMB-based hybrids improved the conductivity and
promoted the formation of nanostructures (Arivu et al., 2018; Masa et al., 2016;

Sun et al., 2019b).

Metal-organic framework (MOF)-based catalysts have shown great
potentials in EWS due to their fascinating functionalities and diversities (Shi
et al., 2019; Yan et al., 2018; Zhu et al., 2018a). Inheriting the merits of pure
MOFs (e.g., tunable porosity, high surface area, and facile functionalization
with other heteroatoms), MOF derivatives also attract enormous attention for
the construction of nano-catalysts (Yan et al., 2018). For the first time, Li et al.
(2018b) synthesized Co-B nanoparticles incorporated in porous carbon using
a MOF (ZIF-67) as the precursor. The as-prepared Co-B/C exhibited a large
surface area of 119 m? g'! because of the presence of porous carbon substrate
derived from the ZIF-67. Compared to the analogues, Co-B/C showed better
electrocatalytic performances in OER. The ZIF-67 derived porous carbon not
only decreased the charge transfer resistance but also offered large ECAS.
Benefiting from the high electrocatalytic activity of the Co-B species and the
high conductivity and surface area of porous carbon, the synthesized Co-B/C
thus displayed excellent OER activity. Based on this result, more MOFs can
be employed as precursors to developing high-performance TMBs for EWS.

Preparing heterostructures with different electroactive materials is an
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effective scheme to achieve higher electrocatalytic performance than the
corresponding single part. The additional electroactive materials can not only
increase the electroactive area but also manipulate the intrinsic activity of host
materials through chemical coupling effects. For TMBs, several studies show
that hybridizing TMBs with TM-based electroactive materials (e.g., TMSe
(Guo et al., 2017), TMO (Lu et al., 2017), TM(OH): (Liang et al., 2018)) can
dramatically upgrade the catalytic performance of TMBs for EWS.

Lately, Liang et al. (2018) developed a porous hierarchical structure
NiB@Ni(OH)@NF via a facile dip-coating scheme. In this case, the Ni(OH)>
facilitated the generation of NiIOOH, which accounted for OH™ adsorption in
the OER process. Besides, NiB could provide an abundant catalytical site for
OER. The synergistic effect between Ni(OH), and NiB also resulted in a low
charge transfer resistance. Consequently, the NiB@Ni(OH).@NF exhibited a
higher OER performance than the counterparts, even surpassing the
benchmark RuOs. Similarly, Guo and co-authors (2017) found that the coupled
effects between Co2B and CoSez nanosheets also lead to higher electrocatalytic
activities for HER and OER than Co;B and CoSe;. The hybrid was prepared
via a chemical reduction process. The homogeneously distributed amino
groups on the CoSez/DETA surface-induced Co2B nucleate, disperse and
reduce the size, thus exposing more electroactive sites. Accordingly, the
Co2B/CoSe> hybrid exhibited better electrocatalytic performances for EWS
than CoSe»/DETA and Co;B, as well as good durability. In another study, She
et al. (2019) found that the addition of Sr3B20Os into Stro.8Coo.8Fe0203-5 (So.8CF)
perovskite could significantly improve the OER performance of SosCF
perovskite. The Sr;B»O¢ served as a proton acceptor and enhanced the
interfacial proton transfer, and thus facilitating the deprotonation of surface-
bound intermediates. The hybrid exhibited a high OER activity with a low 7
of 240 mV in 1M KOH required for 10 mA cm™. Compositing TMBs with
other electroactive materials is promising to construct high-performance
catalysts for EWS, while there are limited relevant studies. Accordingly, more
low-price electrocatalysts can be candidates to form TMB-based hybrids for

EWS, which needs further investigations.
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2.4. Conclusions

Developing advanced low-cost electrocatalysts for water splitting is of
great scientific and industrial significance. Herein, recently reported efficient
TM-based catalysts (TMS and TMB) for EWS are discussed. For TMS/TMB-
based catalysts, strategies that aim at regulating the internal and external
characteristics of nanomaterials are recommended, such as heteroatom-doping,
hybridization, defect engineering, phase control, and nanostructure
construction. To realize the commercial application of low-cost catalysts in
water electrolyzers, some issues deserve further consideration. First,
developing simple and scalable catalyst synthetic routes to enable mass
production is a prerequisite for large-scale applications. Furthermore, it is
favourable to construct efficient catalysts from wastes, which would
significantly reduce the fabrication cost of catalysts. Second, in-depth study of
the fundamental principles is required to gain full knowledge of the origin of
activity improvement, which would guide the engineering of next-generation
catalysts. Last, developing bifunctional catalysts is highly desirable given

simplification, cost reduction, and practical application of water electrolyzers.
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CHAPTER 3

Experimental methods
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3.1.Introduction

This chapter presents detailed information about the experimental
materials, catalyst preparation methods, materials characterization methods,

and methods for catalyst performance assessment involved in Chapters 4 — 7.

3.2.Experimental materials

Iron(Il) chloride (FeCl2-4H>0), Hydrochloric acid (HCI), potassium
sodium tartrate tetrahydrate (KNaC4H4O¢-4H>0), nitric acid (HNO3), sodium
tungstate dihydrate (Na;WQO4-2H>0), sodium hypophosphite (NaH2PO3), 5 wt%
Nafion solution, acetone (>99.5%), sulfuric acid (H2SOs4), thiourea (>99.0%),
sodium hydroxide (NaOH), isopropanol alcohol (>99.5%), potassium
hydroxide (KOH), nickel foam (NF), zinc chloride (ZnCl), glycerol (=99.5%),
sodium borohydride (NaBH4), and ethanol were all purchased from Sigma-
Aldrich and were used without further purification. Deionized (DI) water from
a Millipore Milli-Q water system was used. The graphite rod and Hg/HgO
electrode were purchased from Tianjin Aida Hengsheng Technology
Development Co., Ltd. The waste printed circuit boards leachates used in
Chapter 6 were obtained from a recourse recycling company in Changsha,
China. The waste rice husk used in Chapter 7 was purchased from a rice

processing plant in Guangdong, China.

3.3.Catalyst preparation

The catalyst preparation methods in Chapters 4-7 mainly contain

solvothermal synthesis and boriding process.

For the synthesis of nickel sulfides (Chapter 5), a solvothermal method
was introduced. Typically, a piece of NF was ultrasonically treated with 1 M
HCI, followed by acetone and distilled water to remove the oxide layer. The
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growth solution was prepared by dissolving 2 mmol of thiourea (TU) as a
sulfur source into 27 mL of isopropanol alcohol (IA) under vigorous stirring at
room temperature for 1 hour. After TU completed dissolved, 3 mL of glycerol
was added to the solution and continued stirring for another 30 min. Afterward,
the mixed solution was transferred into a 50 mL autoclave followed by
immersing a piece of NF (2 x 2 cm?) and placed in a conventional oven at 180
°C for 3 hours. After the reaction is completed, the autoclave was allowed to
be cooled naturally. Then, the as-obtained materials were washed with ethanol
and water several times and finally dried in a vacuum oven at 60 °C for 4 h.
Via changing the dosages of IA and glycerol, a series of NiS samples were

prepared.

For the synthesis of metal borides, a facile boriding process was employed.
Since the precursors used in Chapters 4, 6, and 7 are quite different, a general
boriding process is presented here and detailed catalyst synthesis of various
metal borides can be found in corresponding chapters. Typically, a certain
amount of metal salts and KNaC4H4Os°4H>0O were dissolved in DI water in a
three-necked round-bottom flask and stirred vigorously under N». After about
30 min, an aqueous solution containing sufficient NaBH4 was added into the
flask dropwise in an ice-water bath. The solution was then stirred for another
30 min to ensure the complete reaction. After that, the precipitate in the
solution was centrifuged and well washed with ethanol and water. At last, the

metal boride products were dried at 60 °C, in a vacuum oven.

3.4.Materials characterization

3.4.1. X-ray diffraction

The crystal structure of as-synthesized catalysts was analyzed by X-ray
diffraction (XRD) in this study. The crystal structure of synthesized materials

can be identified after comparing the collected XRD pattern to the standard
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one in the Joint Committee on Powder Diffraction Standards (JCPDS) database.
The employed XRD equipment is the Rigaku Smart-Lab 9 kW diffractometer
with the X-ray tube operated at 45 kV and 20 mA.

3.4.2. Scanning electron microscopy

Scanning electron microscopes (SEM) are frequently used tools to check
the nanostructure/morphology and element percentages (Furnished with
energy dispersive X-ray spectroscopy, EDS) of synthesized catalysts. In this

study, scanning electron microscopy (Zeiss Sigma 500 , Germany) was used.

3.4.3. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is used to analyze the surface
chemistry of catalysts, which can provide relative quantification of different
elements and the valence of elements also can be obtained via XPS spectra. By
examining the binding energies of elements, the chemical states can be
achieved. In this study, the X-ray photoelectron spectroscopy (Thermo K-
Alpha+, Thermo Fisher Scientific, USA) with the Al (K.) radiation was used

for XPS analysis.

3.4.4. Transmission electron microscopy

Transmission electron microscopy (TEM) is generally used to get
nanostructure information of prepared catalysts at a much higher resolution
than SEM. Lattice images can be seen with the high-resolution TEM (HRTEM,
JEOL JEM-2100F, Japan). In addition, the selected area electron diffraction
(SAED) can be used to investigate the phase characteristics of catalysts

(crystalline or amorphous).

3.4.5. Inductively coupled plasma spectroscopy
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Inductively coupled plasma (ICP) spectroscopy is a widely used
analytical technique to determine and identify elements within a typical sample
based on the ionization of elements. Two ICP systems are widely used, namely
the ICP optical emission spectroscopy (ICP-OES) and the ICP mass
spectrometry (ICP-MS). ICP-OES measurement is based on the quantification
of excited atoms and ions at the wavelength characteristics of the typical
elements. However, ICP-MS measures the atom's mass by mass spectrometry.
Because of the difference in element detection, ICP-MS possesses a lower
detection limit which can extend to parts per trillion (ppt). In this study, both
ICP-OES (Varian 720, Varian Inc., Santa Clara, CA, USA) and ICP-MS
(Agilent 7700s, Agilent Technologies, Tokyo, Japan) were used to analyze the
chemical compositions of catalysts and the ion concentrations in the

wastewater, leachates, and electrolytes.

3.4.6. Raman spectroscopy

Raman spectroscopy can provide specific vibrational information which
is specific to a compound's chemical bonds and symmetry. Generally, it is used
for the identification of inorganic substances. Herein, Raman spectroscopy was
used to identify the surface reconstruction process of catalysts during
electrochemical reactions. In this study, Raman spectra were collected on the
Horiba Jobin Yvon LabRAM HR-Evolution Raman microscope (HORIBA

Jobin Yvon, France).

3.4.7. Fourier-transform infrared spectroscopy

Similar to Raman spectroscopy, Fourier-transform infrared spectroscopy
(FTIR) is a technique to identify organic substances based on the specific
vibrational information of a compound's chemical bonds and symmetry. In this
work, the FTIR spectrum of biochar was tested on a Bruker V80 machine

(Germany) at room temperature.
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3.4.8. N2 sorption/desorption measurement

Brunauer-Emmer-Teller (BET) method is used to test the physical
adsorption/desorption of N> on the surface of the biochar (Chapter 7). Critical
parameters (e.g., pore size, surface area, pore volume) can be obtained via
conducting N> sorption/desorption measurements by a physical adsorption
apparatus (ASAP2460, Micromeritics, USA) at the temperature of 77 K. The
Barret-Joyner-Halenda (BJH) method was used to obtain the pore volume and
pore size of materials, while the biochar's surface area was determined with the

Langmuir Isotherm Method.
3.4.9. Vibrating sample magnetometer measurement

A vibrating sample magnetometer (VSM) is used to measure the magnetic
properties of materials based on Faraday's Law of Induction. In this study, the
magnetic properties of catalysts were studied by a vibrating sample

magnetometer (LakeShore 7404, LakeShore, USA).

3.5.Electrochemical techniques

3.5.1. Preparation of working electrode

To prepare a working electrode, 5 mg of catalyst powder was first
dispersed in 1 mL of mixed solution (0.05 mL of 5 wt% Nafion solution, 0.5
mL of water, and 0.45 mL of ethanol). After sonication for 30 min, a
homogeneous ink was obtained. 0.10 mL of the ink was deposited onto a piece

of acid-treated nickel foam (NF).
3.5.2. Cyclic voltammetry

Cyclic voltammetry (CV) is a commonly used electrochemical technique,

and the potential is changed as a linear function of time. CV can provide
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meaningful information regarding the redox voltage and the electrochemical
reaction rates of a typical catalyst. Additionally, performing CV measurements
in a non-faradic region at different scan rates can be used to calculate the
double-layer capacitance (Cqi). In this study, CV was performed on the CHI660

electrochemical station (CH Instrument, USA).
3.5.3. Linear sweep voltammetry

Linear sweep voltammetry (LSV) is a simple electrochemical technique,
which is similar to CV. Rather than cycling over the potential range linearly in
both directions of CV measurements, LSV involves only a single linear sweep
from the lower potential limit to the upper potential limit. In this study, LSV

curves were recorded to compare the electrochemical activities of catalysts.
3.5.4. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a widely used
electrochemical technique to measure the impedance of an electrochemical
system in dependence on the AC potentials frequency. In this work, EIS was
measured by using the CHI660, the AC voltage of 5 mV in amplitude was

chosen with a frequency of 10° - 10~ Hz.
3.5.5. Chronopotentiometry and chronoamperometry test

Chronopotentiometry (CP) and chronoamperometry (CA) tests are two
popular methods to evaluate the long-term durability of catalysts. In the CP
measurement, the current densities are fixed and the rise/decrease of the
potential in a long operation is recorded. In the CA measurement, the potential
of the working electrode is fixed, and the resulting current is recorded over a

long period. The less variation of j (CA) or the 1 (CP) marks better longevity.

3.6.Computational methods
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All spin-polarized DFT calculations were carried out with the generalized
gradient approximation (GGA) (Yu et al., 2020), and the Perdew—Burke—
Ernzerhof (PBE) functional was used to model the exchange and correlation
interactions. Considering the strong correlation effect of transition metals, the
DFT + U method was employed. In this study (Chapter 4), the value of Uefr =
5 eV was applied on Fe atoms based on previous studies on goethite (a-FeOOH)
(Zhou et al., 2017). A vacuum space of 15 A was constructed to avoid the
interaction between adjacent slabs. The kinetic energy cutoff was set to 500 eV
for the plane-wave basis set. Brillouin zone integration was sampled with the
3 x1x5and2 x2 x 1 Monkhorst-Pack mesh k-point for bulk and surface
calculations, respectively. The convergence tolerances were setto 1 x 107 eV
per atom for energy, 1 x 107> A for maximum displacement, and 0.03 eV A
for maximum force. During the geometry optimizations step, the three bottom

layers were constrained at the bulk position and other atoms were relaxed.
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CHAPTER 4
Tuning electronic property and
surface reconstruction of
amorphous iron borides via W-P
co-doping for highly efficient

oxygen evolution

This chapter has been derived from the published paper of Applied Catalysis
B: Environmental, 2021, 288, 120037.
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4.1.Introduction

Water electrolysis is a green and sustainable strategy to generate
hydrogen with zero carbon emission. In principle, water splitting contains OER
and HER. Compared with the two-electron HER, the four-electron OER with
inherent sluggish kinetics is recognized as the main obstacle to advance water
electrolysis systems (Liang et al., 2020). To address this issue, many efforts
have been made to improve the OER efficiency by developing high-
performance catalysts. Noble metal (e.g., Ir, Ru)-based materials are
extensively employed for the OER because of their excellent activity and good
stability. Despite their superior catalytic performance, the high price and low
reserve seriously hinder their large-scale industrial applications (Chen et al.,
2021b). To this end, it is necessary to develop low-cost and high-performance

catalysts for OER.

Recently, low-cost electrocatalysts for OER based on 3d transition metals
have attracted enormous attention, including phosphides (Zhang et al., 2020a),
sulfides (Xu et al., 2020), oxides (Heard et al., 2019), hydroxides (Fan et al.,
2016), borides (Chen et al., 2020d; Chunduri et al., 2019), nitrides (Han et al.,
2018), alloys (Zhang et al., 2019¢), and carbides (Dinh et al., 2019). Among
them, transition metal borides (TMBs, e.g., CoxBy, NixBy, FexBy, and
MoxBy) are emerging as promising catalysts for water splitting owing to their
great conductivity, high intrinsic catalytic activity, compositional flexibility,
and easy accessibility. To further improve the catalytic performance of TMBs,
strategies that focus on enlarging the surface area, improving the conductivity,
regulating the electron structure, and enhancing the durability have been
advocated. For example, Gupta et al. (2019a) found that the CoB film showed
better OER performance than the CoB powder sample because of its lower
particle aggregation degree. This feature can benefit the electrochemical

reactions by providing more electroactive active sites. In another study,
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Nsanzimana and co-authors (2019) also suggested that the morphology of CoB
could affect the OER performance, and the CoB nanosheet performed better
than the CoB nanoparticles. Their further investigation suggested that the
doping of Fe could significantly enhance the catalytic activity via the
synergistic effect of transition metals in ternary CoFeB. Apart from cationic
doping, anionic doping also alters the electronic structures of TMBs and thus
influences catalytic performance. For instance, Li et al. (2014) found the
synergistic effects of P and B of CoBP could improve the catalytic
performance toward both HER and OER. Although anionic or cationic doping
is an effective method to upgrade the electrochemical performance of
nanomaterials (Chen et al., 2020b), optimizing the catalytic performance of
TMBs through anion-cation dual doping is still rarely reported, especially the
amorphous FeB. More importantly, previous studies suggest that the real active
center of iron-based catalysts is strongly associated with the iron oxyhydroxide
(FeOOH), which is generally generated on the surface of the pre-catalyst under
the oxidizing potential applied during the OER process. Unfortunately, the
commonly synthesized pure FeEOOH phase is not a highly active OER catalyst
due to its low conductivity and mediocre catalytic activity. Accordingly, a
fundamental understanding of the pre-catalysts design would enable the
exposure of abundant active oxyhydroxides and would significantly advance

efficient OER electrocatalysts with low-cost iron-based materials.

In this study, we demonstrate a rational design of a pre-catalyst, W, P-
FeB (tungsten and phosphorus co-doped amorphous FeB) that can upgrade the
catalytic performance of in situ formed FeOOH via accelerating surface
reconstruction by anion (P and B species) leaching and regulating intrinsic
activity by evolved W incorporated-FeOOH. The W, P co-doped FeB-evolved
anode only takes a low 7 of 209 mV to achieve jio with good stability in
alkaline electrolyte. Overall, these results show that efficient pre-catalysts can
be designed using a rational strategy through component regulation with P and
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W doping in amorphous FeB. Anion etching during the OER process can not
only accelerate the mass/charge transfer but also facilitate surface self-
reconstruction. DFT calculations further confirm that the W doping efficiently
enhances intrinsic electrocatalytic activity by enhancing conductivity and
optimizing the adsorption free energy of reaction intermediates. Last, but not
least, the hierarchical structure and amorphous feature benefit the overall OER
process. By this general approach, we can get a fundamental insight into the
correlation between surface structure-catalytic activity and an effectual

strategy to design pre-catalysts for high OER performance.

4.2.Experimental section

4.2.1. Catalyst synthesis

Synthesis of FeB. The FeB nanoparticles were prepared by a chemical
reduction method. In a typical process, 5 mmol of FeCl,-4H,0 and 5 mmol
KNaC4H406 4H20 were dissolved in 70 mL of DI water in a three-necked
round-bottom flask (250 mL) and stirred vigorously under N». After 30 min,
30 mL of an aqueous solution with 15 mmol NaBH4 was added dropwise in an
ice-water bath. The solution was then stirred for another half an hour to ensure
the complete reaction. Then, the precipitate in the solution was centrifuged and
washed with ethanol and water. Finally, the products were dried overnight in

a vacuum oven at 60 °C.

Synthesis of W-FeB. The synthesis of W-doped FeB is similar to that of
FeB except for using the mixture of sodium tungstate dihydrate
(Na2WO4-2H>0) and FeCly-4H,0 as metal salts, and the total amount of Fe?*
and W®" was controlled at 5 mmol. The Fe/W molar ratios of the samples were
modified by adjusting the amounts of the corresponding precursors. The
optimal consumption of Na,WO4-2H>O was determined by the electrocatalytic

activity.
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Synthesis of P-FeB. The synthesis of P-doped FeB is similar to that of
FeB except for using the mixture of sodium hypophosphite (NaH>PO>) and
NaBHyj4 to replace the NaBH4 in the preparation of FeB, and the total amount
of HPO;  and BH4 was controlled at 15 mmol. The NaH2PO» was mixed with
metal ions and KNaC4H4Os-4H>0O before stirring. The B/P molar ratios of the
samples were modified by adjusting the amounts of the corresponding
precursors, and the optimal consumption of NaH>PO:H >0 was determined by

the electrocatalytic activity.

Synthesis of W, P-FeB. The synthesis of W, P co-doped FeB is similar to
that of FeB. The amounts of chemicals were chosen based on the
electroactivity results of W-FeB and P-FeB, 1 mmol Na;WQO4-:2H>O and 4
mmol FeCly-4H>0O were used as metal salts, and 7.5 mmol NaH>PO> and 7.5

mmol NaBH4 were used.

4.2.2. Material characterization

The structural morphology of the samples was analyzed using SEM (Zeiss
Sigma 500). EDS mapping measurements were carried out utilizing a SEM
which is equipped with an EDS. The crystal structure of the samples was
obtained by XRD measurements on a Rigaku Smart-Lab 9 kW diffractometer
with the X-ray tube operated at 45 kV and 20 mA. HRTEM images were
obtained on a TEM instrument (FEI Tecnai G2 F20 S-TWIN) with an
acceleration voltage of 200 kV. The element composition of the material was
analyzed by XPS (Thermo K-Alpha+, Thermo Fisher Scientific, USA) with
the Al (Ka) radiation. The Raman spectra were recorded on a Horiba Jobin
Yvon LabRAM HR-Evolution Raman microscope. The chemical composition
of the catalyst was determined by an ICP-OES instrument (Varian 720), and
the dissolved ion concentrations in electrolytes were measured with an ICP-

MS instrument (Agilent 7700s).
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4.2.3. Electrochemical tests

Electrochemical measurements were carried out with a CHI 660E
electrochemical workstation. OER activities were recorded in a three-electrode
system. A graphite rod acted as the counter electrode and a Hg/HgO electrode
was used as the reference electrode in Oz-saturated 1.0 M KOH electrolyte.
LSV was performed at a scan rate of 5 mV s~!, and the polarization curves were
calibrated with 90% iR compensation to eliminate the solution resistance. All
potentials measured were converted to a reversible hydrogen electrode (RHE)
using the following equation: E vs. RHE = E s #gmgo + 0.098 V + 0.059 pH.
EIS was recorded at 1.5 V vs. RHE over a frequency range of 10° to 1072 Hz,
an AC signal amplitude of 5 mV was applied. The Cqi was calculated through
CV at different scan rates in 1.0 M KOH. The value of ECSA was calculated
by the equation: ECSA = S * Ca / Cs, where C;s is the general specific
capacitance, the value is about 0.04 mF cm™ in 1.0 M KOH, and S means the
actual area of the working electrode. The chronoamperometric i-t curves were

recorded to evaluate the stability of catalysts.
4.2.4. Computational methods

Methods for DFT calculations are described in Chapter 3, Section 3.6.

4.3.Results and discussion

4.3.1. Synthesis and characterization
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Figure 4.1. Schematic of the synthesis of W, P-FeB by a facile NaBH4

chemical reduction process.
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The Fe-based boride nanostructures were synthesized by a facile and
effective chemical reduction process, as shown in Fig. 4.1. For the preparation
of pure iron boride (FeB), the Fe?* was chemically reduced in the presence of
potassium sodium tartrate tetrahydrate (KNaC4H4O¢-4H20O) using NaBH4 as
the reductant under a continuous flowing N> atmosphere in an ice-water bath.
In this study, KNaC4H4O¢-4H>O is functionalized as a chelating agent to ease
the aggregation of nanoparticles. Sodium hypophosphite (NaH2PO) and/or
sodium tungstate dihydrate (Na2WO4:2H20) were added to the vessel to
prepare doped FeB. The doping levels of P and W were investigated, and the
optimized W, P-FeB was obtained with a Fe/W/B/P feed ratio of 8:2:15:15.
The ICP-OES results reveal the composition of the best sample to be
Fei3.3W3.9Bg2P380e6s 3.

Figure 4.2. Microscopic measurements of W, P-FeB. (a) SEM image of W, P-
FeB. (b) High-resolution SEM image of W, P-FeB. (c) EDS mapping of W, P-
FeB. (d) TEM image of W, P-FeB. (¢) HRTEM image of W, P-FeB (the inset

shows the corresponding SAED pattern).

The as-obtained W, P-FeB were first characterized by SEM. Figure 4.2a-
b shows that the W, P-FeB nanoparticles exhibit uniformly granular
morphology with a small particle size of ~ 10-20 nm. Interestingly, the

nanoparticle aggregates self-assembled into a 3D nano-forest structure, with
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abundant nanopores. In addition to the stacked nanoparticles, nanochains and
nanoplates are also observed. The as-formed porous hierarchical structure may
contribute to the exposure of electroactive sites, and accelerate electrolyte
penetration and diffusion, in addition to the rapid release of gaseous products
in the catalytic process (Chen et al., 2020d). The EDS analysis was carried out
to probe the elemental composition of W, P-FeB (Fig. 4.2¢). It is determined
that the existence of B, O, P, Fe, W elements in the catalysts, and these
elements are evenly distributed on the catalyst surface. It should be noticed that
the presence of oxygen is mainly due to the inevitable surface oxidation when
borides are exposed to air (Wang et al., 2019a). In addition, the results of TEM
analysis revealed that the nanoparticles are well dispersed with a size of about
10-20 nm, in line with the SEM observations (Fig. 4.2d). Furthermore, the
HRTEM image (Fig. 4.2¢) and SAED (inset of Fig. 2e) image suggest that W,
P-FeB exhibits an amorphous structure, which is also proved by the XRD
pattern. As depicted in Fig. 4.3, there is no distinct diffraction peak in the XRD
spectrum of W, P-FeB, and other analogues also present a similar amorphous

phase.
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Figure 4.3. XRD patterns of FeB, P-FeB, W-FeB, and W, P-FeB.

The surface composition and the chemical state of W, P-FeB were further

scrutinized by XPS. The whole spectrum survey demonstrates the presence of
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B, P, O, Fe, and W elements in W, P-FeB (Fig. 4.4a), which is in line with the
EDS mapping results. For the Fe 2p spectrum (Fig. 4.4b), an obvious peak at
706.5 eV can be attributed to metallic Fe bonding with B/P. Additionally, the
spectrum in the Fe 2p region also exhibits two spin-orbit doublets with one
doublet at 709.6 and 722.7 eV assigned to Fe*" and another one located at 711.1
and 724.2 eV derived from Fe**, since iron borides are easily oxidized when
exposed to air (Li et al., 2019d). Similar to the Fe 2p spectrum, the W 4f
spectrum exhibits two peaks at 31.3 eV, and 33.5 eV are characteristic of W
4172 and W 4f5)2 of metallic W, mainly due to the formation of W-P and W-B
(Fig. 4.4c). While two peaks are found at higher binding energy (35.5 eV and
37.7 eV), corresponding to the W 4f7,, and W 415/, peaks of WO3, which might
be because of the oxidation of W, P-FeB under ambient conditions. In addition,
a small peak located at 41.3 eV is the WOs3 loss feature. In Fig. 4.4d, both
metalloid boron (187.5 eV) and oxidized boron (191.7 eV, borate) are present
in the B 1s spectrum. It is noticed that the binding energy of B (zero valence)
in W, P-FeB is positively shifted in comparison with that of pure B (187.0 V),
implying that B atoms can contribute electrons to Fe/W (Masa et al., 2019).
This is further evidenced by the negative shifts of Fe® and W° by 0.2 eV and
0.3 eV respectively, compared to those of pure metals. Hence, the existence of
boron/borate can alter the electronic structure of Fe/W in W, P-FeB. The P 2p
spectrum in Fig. 4.4e exhibits three peaks at 128.1, 128.9, and 133.3 €V,
respectively. A peak at 133.3 eV is attributed to the oxidized phosphorus
(phosphate). The peaks at 128.1 (2p3»2) and 128.9 eV (2pin) are from
phosphorus, which are lower than that of elemental P (130.2 e¢V) (Sun et al.,
2018). The lower P 2p binding energy may be attributed to the bonding to Fe/W
metals which are not fully oxidized. The generated phosphorus species (i.e.,
metal phosphides and phosphates) are also claimed as great OER
(pre-)catalysts by previous studies (Guo et al., 2018; Hu et al., 2019c; Ni et al.,
2019b; Wang et al., 2017b), and the co-existence of electroactive metal

borides/phosphides and borates/phosphates densifies the active sites and thus
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benefits the OER process. Furthermore, the XPS spectrum of O 1s showcases
further evidence for the existence of multiple oxidation states in W, P-FeB (Fig.
4.41). Three peaks located at 529.3, 530.9, and 532.5 eV can be indexed to
lattice oxygen, a substituted hydroxyl group, and surface physic-/chemisorbed
H>O0, successively. These results further verify the surface oxidation of the as-
prepared boride, and the hydrophilic oxide-rich surface would benefit the water

oxidation process (Chen et al., 2020d; Wang et al., 2019a).
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Figure 4.4. (a) XPS survey spectrum, (b) Fe 2p, (c) W 4f, (d) B 1s, (e) P 2p,
and (f) O 1s XPS spectra of W, P-FeB. M in (d) and (f) means metal.

4.3.2. Electrochemical performance

The electrocatalytic OER performance of as-prepared catalysts (FeB, W-
FeB, P-FeB, W, P-FeB) was evaluated in an alkaline solution. In this study,
the activity of nickel foam and the IrO: catalyst was also tested, and the
noticeable peaks range from 1.3 to 1.4 V vs. RHE can be ascribed to the
oxidization of Ni species from the nickel foam substrate (Fig. 4.5a) (Chen et
al., 2020e). The LSV curves suggest that both W and P single doping can
improve the OER performance, and the W, P dual doping can further enhance

the catalytic activity. Remarkably, W, P co-doped FeB needs a low 7 of 209
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mV to realize jio (710 = 209 mV), which is smaller than most of recently
reported catalysts supported on nickel foam (Table 4.1). In addition, the W, P
co-doped FeB displays the lowest 77 of 246 mV at 50 mA c¢cm ™2, in comparison
to that of P-FeB (256 mV), W-FeB (270 mV), and FeB (284 mV). It is worth
noting that all of the iron boride-based samples show higher catalytic activity

than the commercial IrO; catalyst (7750 = 301 mV) (Fig. 4.5b).

Table 4.1. A summary of the property of OER for recently reported

electrocatalysts supported on nickel foam.?

Catalyst Mo (mV) Reference
Appl. Surf. Sci., 2020, 529,
Fe-Ni MOF NSs/NF 258@50°
147201
Sustain. Energy Fuels,
Fe-doped Ni3Sex/NF 225
2020,4, 1150-1156
Nanoscale, 2020,12, 7180-
NiC0204/AgO/NF 232
7187
NixFe(—x)@NixFeq-x)O/NF 215 Nano Res., 2020, 13, 461-466
Adv. Energy Mater., 2020,
Ni-ZIF/Ni-B@NF 234
10, 1902714
Mater. Today Energy, 2020,
NiSe2/CoSe/NF 270@100°
17, 100468
Appl. Surf. Sci., 2020, 529,
(P, W)-MoO,/NF 308@404
146987.
Ni/NiFeMoOx/NF 255 Adv. Sci., 2020, 7, 1902034.
Appl. Catal. B: Environ.,
Ru-NiCoP/NF 265@50°
2020, 279, 119396.
Nano Energy, 2020, 68,
CoFe-PBA NS@NF 256

104371.
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W, P-FeB/NF 209 This study
246@50°
259@100°

¢ Electrolyte: 1 M KOH.
bthe nof 258 mV at js.
“the nof 270 mV at jioo.

4 the 1 of 308 mV at jao.

The effect of doping level was studied to optimize the chemical
composition of catalysts, and the electrochemical activity of samples with
different W and P doping concentrations are presented in Fig. 4.5c¢c-d,
respectively. For W-doped FeB, the presence of W can improve the OER
activity of FeB, regardless of the concentration of W. The sample with a Fe/W
molar ratio of 4/1 exhibits the highest activity, which only requires 247 mV to
obtain j2. A lower or a higher W concentration will decrease the
electrocatalytic performance. For P-doped FeB, the sample with a P/B molar
ratio of 1/1 shows the highest activity, which only requires 241 mV to obtain
J20. The 20 are 258, 250, 248, and 252 mV for P-FeB with the P/B molar ratio
of'4:1, 2:1, 1:2, and 1:4, respectively. Based on the optimized concentration of
different precursors, the W, P co-doped FeB with a Fe/W/B/P feed ratio of
8:2:15:15 and with a chemical component of Fe1ssW39Bs2P3.8065.3 displays a
better OER performance than the bare FeB, W-doped FeB, and P-doped FeB.

59



350 400
a b 10 mA cm” Cano
300 ——FeB 50 mA cm”® = 2
oHy ——P-FeB 350 100 mACm® | PZn @ 20 mA cm
E 50| ——W-FeB - = 260
< ——W,P-FeB z E _
Eo00] ——NF =300+ = .
3 0 2 £ 250 ? .
150 2 g / . o v
2 2 2501 ; / ' m o
o : ‘Wl DB
S 5 50 mA cm’* 2004 / % % g
[ —_— 150 A
12 13 14 15 16 FeB P-FeB W-FeB W,P-FeB IO, 50 9:1 41 32 1:2
Potential (V vs. RHE) Fe/W feed ratio
d € os i
oeeer 2 —o— NI 263 m\ ¢ NiFeB/NF ~ Co2-Fe-B/ICu  FeC 0 /PF
260 { W@ 20macm 5 ——0,  5030mVdec’ | _ 90 resjou (Cafenp (o
= P o AlFe.B,
2 ¢ )
E $04 y ——W-FeB 5577mVdec’ | &
T 250 & d ——P-FeB  4541mvdec’ | E 70 &
§ N H —o—W,P-FeB 39.87 mVdes' | @ ég'»‘
g 503 £ 60 O °
g W -5 cl ) Q
32 N 2 2 7 °
O 240+ § o k] 504 o
02 40 200 ¢ °o o
W, P-FeB (This work)
230 T T T r 30 T T T T T T T T
4:1 2: 14 1:2 1:4 0.5 1.0 1.5 2.0 2.5 3.0 160 180 200 220 240 260 280 300 320 340
B/P feed ratio Log j / mA em™) Overpotential (mV)

Figure 4.5. (a) LSV curves of as-prepared catalysts in 1.0 M KOH. (b)
Comparison of 710, 7750, and 7100 of as-prepared catalysts. (c) The effect of
Fe/W feeds ratio on the 7. (d) The effect of B/P feed ratio on the 7. (e) Tafel
plots of as-prepared catalysts. (f) Comparison of 7 and Tafel slope of OER

between W, P-FeB and reported iron boride-based catalysts.

The OER kinetics of the above catalysts are investigated by
corresponding Tafel plots. Compared to NF (152.63 mV dec!), W-FeB (55.77
mV dec™!), IrO2 (50.30 mV dec™!), FeB (47.24 mV dec™!), and P-FeB (45.41
mV dec '), W, P-FeB has a lower Tafel slope of 39.87 mV dec™! (Fig. 4.5¢).
The smallest Tafel slope suggests that W, P-FeB is the most efficient catalyst
among the studied materials. These results also indicate that the W, P co-
doping can lead to better OER kinetics. In addition, to our knowledge, the OER
activity (7710, Tafel slope) of W, P-FeB is better than most of the recently
documented iron boride-based nanocatalysts (Fig. 4.5f) (An et al., 2018; Chen
et al., 2017; Klemenz et al., 2018; Li et al., 2017; Li et al., 2019d; Liu et al.,
2018a; Mann et al., 2019; Mao et al., 2020; Nsanzimana et al., 2018b; Ren et
al., 2019; Wang et al., 2019a; Wu et al., 2019c; Xue et al., 2018), such as Fe-
Co-2.3Ni-B (274 mV, 38 mV dec™!) (Nsanzimana et al., 2018b), Ni-Fe-B/rGO
(265 mV, 58 mV dec™!) (An et al., 2018), FeB, (296 mV, 52.4 mV dec™!) (Li
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etal., 2017), Fes4Nii6.1P129B430602 (236 mV, 39 mV dec™!) (Ren et al., 2019),
(Coo7Fe03)2BOy(OH), (308 mV, 39 mV dec!) (Xue et al., 2018).
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Figure 4.6. (a) Cyclic voltammograms of W, P-FeB at different scan rates. (b)
Scan rate dependence of j for as-prepared catalysts and the IrO- catalyst at 1.15
V vs. RHE. (¢) Nyquist plots of as-prepared catalysts and the IrO, catalyst at
1.5 V vs. RHE. (d) Chronoamperometric curve of W, P-FeB at 1.458 V vs.
RHE.

The ECSA of the catalysts was compared by testing the Ca at the
solid/liquid interface, as Cqi is positively proportional to ECSA. The Cq is
calculated via performing CV measurements in a non-faradic region 1.10 -1.20
V vs. RHE at different scan rates (Fig. 4.6a). The Cq of W, P-FeB is 8.57 mF
cm 2, which is larger than that of the P-doped FeB (8.06 mF cm2), W-doped
FeB (7.41 mF cm™2), FeB (7.07 mF cm™2), and the IrO; catalyst (5.93 mF cm™
%) (Fig. 4.6b). The doping of W or P increases the number of electroactive sites
on the FeB catalyst, and the co-doping of W and P has a synergistic effect on

boosting the population of accessible electroactive sites for OER.
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To further investigate the electrocatalytic kinetic characteristics of
catalysts, EIS analyses were conducted. The Nyquist plots are plotted in Fig.
4.6¢ and fitted with an equivalent circuit model to quantify the key kinetic
parameter, the charge transfer resistance (R¢). According to the fitting results
(Table 4.2), the R¢t of W, P-FeB catalysts is only 1.62 Q, much smaller than
that of W-FeB (3.54 Q), P-FeB (4.32 Q), FeB (5.31 Q), and the IrO; catalyst
(5.92 Q), confirming the highly efficient electron transfer at the W, P-FeB
electrode and electrolyte interface occurring during the water oxidation
reaction. In addition, it can be convinced that both W and P doping indeed

improves the charge transfer kinetics during the OER.

Table 4.2. Calculated charge transfer resistance (R¢¢) and solution resistance
(Rs) (in Ohm, Q) of the materials deposited on NF obtained from the Nyquist

plot during the EIS experiments.

Catalyst Rs Ret
IrO2 1.33 5.92
FeB 1.34 5.31

W-FeB 1.33 3.54

P-FeB 1.36 4.32
W, P-FeB 1.32 1.62

Apart from the electrocatalytic activity, the performance stability of
catalysts is another important issue. In this study, the chronoamperometry (CA)
measurement was conducted at 1.458 V vs. RHE to evaluate the durability of
W, P-FeB toward OER. As depicted in Fig. 4.6d, the j remains stable after 25
h running, with a small range of fluctuations above the 10 mA cm™. The
variation of current densities may be due to the evolution of surface chemistry.
In addition, the LSV plot was recorded after the long-term test (Fig. 4.7a).
Compared with the initial one, the post-OER LSV curve shows ignorable

variations, and the 7 even decreased by 5 mV at 10 mA cm™2, in line with the
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CA measurement. In contrast, for the benchmark IrO; catalyst, significant
degradation of OER activity is exhibited in Fig. 4.7b, and the currently
decreased by 32% over the 25 h CA test. This result indicates that W, P-FeB

exhibits better activity and stability than the IrO> catalyst under alkaline

conditions.
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Figure 4.7. (a) LSV curves of W, P-FeB before and after the CA testin 1 M

KOH. (b) Chronoamperometric curve of the IrO; catalyst at 1.498 V vs. RHE.

4.3.3. Understanding the enhanced OER activity of W, P-FeB

The outstanding catalytic activity of W and P co-doped FeB can be
attributed to the harmonized elemental synergy and the unique amorphous
structure. It is known that the activity of an electrocatalyst is governed by
several key factors, including the nanostructure, charge transfer efficiency
(conductivity), active surface area, and intrinsic catalytic activity (Chen et al.,
2019b; Chen et al., 2020d). Firstly, the hierarchical structure of W, P-FeB can
ease the exposure of abundant electroactive sites, and accelerate electrolyte
penetration/diffusion, in addition to the rapid release of molecular oxygen
products during the OER process (Fang et al., 2017). Secondly, W, P-FeB
possesses an excellent electrical conductivity and a lower charge transfer
resistance than its counterparts (Fig. 4.6¢), indicating efficient electron transfer

between the collector and active catalytic sites and less resistance in between
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and at catalyst interfaces (Hu et al., 2019a). Thirdly, ECSA values of W, P-
FeB (214.25 cm?), W-FeB (201.50 cm?), P-FeB (185.25 cm?), FeB (176.75
cm?), and the IrO: catalyst (148.25 cm?) suggest that W, P-FeB exhibits a
higher electrocatalytic surface area for OER (Fig. 4.8a). To understand the
intrinsic activity of each active site, we further normalized the OER current
against ECSA (jecsa), instead of the geometric surface area, to exclude the
effect of enlarged surface area. As shown in Fig. 4.8b, the 7 required for the
IrO; catalyst, FeB, P-FeB, W-FeB, and W, P-FeB to deliver a j; are 324, 316,
281, 306, and 270 mV, respectively. The W, P-FeB shows the highest intrinsic
catalytic activity among all electrocatalysts, which is followed by P-FeB, W-
FeB, and bare FeB. Therefore, P or W doping can improve the intrinsic
catalytic property of FeB which is further enhanced via the P and W co-doping.
The above results suggest that the extraordinary OER activity of W, P-FeB is
not only resulted from the improved electrical conductivity and enlarged
ECSA, but also from the enhanced intrinsic activity of each active site after P

and/or W doping.

The amorphous feature of W, P-FeB is another critical factor that
contributes to its great OER activity. In this study, the amorphous W, P-FeB
catalyst with a large ECSA and a high proportion of under coordinative and
unsaturated sites ease the adsorption of intermediates/reactants in the OER
process, which also facilitate surface and volume reconstruction of active sites
(Anantharaj and Noda, 2019; Chen et al., 2020d). As depicted in Fig. 4.2, the
surface of as-prepared boride particles is functionalized with amorphous
oxygen-containing species, mainly referred to as borates, phosphates, and
metal oxides. The formation of such amorphous oxidative layers benefits from
the amorphous nature of the W, P-FeB bulk phase and provides optimal
catalytically active sites (Hu et al., 2019a), resulting in boosted OER kinetics

and thus the excellent intrinsic activity.
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To further identify the active catalytic sites during the OER process,
surface chemistry and structure evolution of the post-OER catalyst were
checked by TEM, XPS, and XRD analysis. In contrast to the XPS spectrum of
Fe 2p before OER, no signals corresponding to metallic and bivalent Fe are
present in the spectrum of W, P-FeB after OER. This suggests substantial
changes have occurred at the catalyst surface during the OER process. The
metallic and bivalent Fe atoms are entirely replaced by the trivalent oxidation
states of Fe and two peaks corresponding to the FeOOH appear at 710.9 and
724.0 eV (Fig. 4.8¢c) (Liu et al., 2020). In the XPS spectrum of W 4f (Fig. 4.8d),
the peaks assigned to the W-B bond (31.3 and 33.5 eV) and the peaks (35.5
and 37.7 eV) assigned to W-O bonds are absent (Chen et al., 2020a; Zhao et
al., 2019a), while the peaks (33.1 and 35.3 eV) assigned to W*" emerge and
maintain during the long-term OER process, indicating the effective doping of
tungsten into iron oxyhydroxide (Chen et al., 2020a). The presence of electron-
rich and low-valence-state W species might be a consequence of the electro-
oxidation and the electron transfer from other elements (i.e., O and Fe) to W.
In the O 1s spectrum (Fig. 4.8e), the lattice oxygen species of the post-OER
catalyst (529.7 eV) increase considerably than the as-prepared catalyst, which
further verifies the formation of metal oxyhydroxides on the catalyst surface
(Zhang et al., 2019b; Zhang et al., 2019d). In addition, the signals of B and P
elements are almost not detected in the XPS spectrum of W, P-FeB after the
long-term OER test (Fig. 4.8f-g), suggesting that the surface of W, P-FeB has
wholly converted to polyphase complexes containing high-valent metal
(oxy)hydroxides, which is in line with results reported in the literature (Zhang
et al., 2020b). A further investigation by ICP-MS suggests that B, P, W, and
Fe on the surface area are progressively dissolved during the 25 h OER test
(Fig. 4.8h). The prominent anion (B and P) etching/dissolution leads to more
vacancies and continuously regulated surface electron properties, which not
only accelerates the mass/charge transfer and facilitates the surface self-

reconstruction but also benefits the adsorption of OH™ on the catalyst surface
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to accelerate the OER. Moreover, the dissolved phosphates (PO4*") and borates
(BOs*") may also promote the OER process, which has been proved in the TM
selenides/sulfides-based OER catalysts system (Shi et al., 2020). Such
speculation deserves further investigation. The dissolution of W mainly refers
to the etching of WO3 on the surface because no W signal is detected in the
XPS spectrum of W 4f of the post-OER sample. In addition, Fe exhibits a
minor dissolution during the long-term OER test, indicating the good structure

stability of the catalyst.
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Figure 4.8. (a) ECSA values of W, P-FeB, W-FeB, P-FeB, FeB, and the IrO>
catalyst. (b) LSV curves normalized with respect to ECSA for W, P-FeB, W -
FeB, P-FeB, FeB, and the IrO; catalyst. (c-g) High-resolution XPS scans of W,
P-FeB in the (c) Fe 2p, (d) W 4f, (e) O 1s, (f) B 1s, and (g) P 2p regions before
and after the OER test. (h) The dissolved ion concentrations in electrolytes

during the 25 h OER test. (i) HRTEM image of W, P-FeB after the OER test.
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Besides, the TEM image verifies the surface structure evolution during
the OER process. Different from the TEM images of the original amorphous
catalyst, the HRTEM image of the post-OER catalyst shows a mixed
amorphous and crystalline structure (Fig. 4.81). Many lattice fringes are
presented in the HRTEM image of the post-OER catalyst, indicating the
formation of stable species under alkaline and oxidative conditions. In addition,
the XRD pattern of the post-OER sample indicates the generation of a-FeOOH
(Fig. 4.9a). Notably, although NF is used as the substrate of W, P-FeB, the new
peaks that appear on the XRD pattern do not belong to NiIOOH, but FeOOH.
Raman spectroscopy was further performed to uncover the surface
reconstruction during OER. The as-prepared W, P-FeB powder did not show
any distinguishable features indicating that W, P-FeB does not possess any
Raman bands (Fig. 4.9b). After the OER test, obvious Raman bands at 248,
299, 389, 421, 475, and 559 cm ™! were noticed, which are in agreement with
the reported vibrations of pure phase goethite, a-FeOOH (Chakraborty et al.,
2020). Combined with the above XPS, XRD, and Raman results, the lattice
fringe spacings of 0.202, 0.217, 0.231, 0.245, and 0.259 nm can be indexed to
the (131), (140), (200), (111), (021) crystallographic planes of FeOOH (JCPDS
card no. 29-0713), respectively. Furthermore, we suppose the formation of W-
doped FeOOH on the catalyst surface and W atoms are protected by the
FeOOH from being further oxidation since W atoms keep an intermediate
valence (+ 4) during the long-term OER test (Chen et al., 2020a; Zhang et al.,
2016a). Overall, the XPS, XRD, and TEM results suggest that the surface of
the as-prepared W, P-FeB has been evolved into W doped iron
(oxy)hydroxides (FeOOH), which is promoted by the etching of B and P-
containing components from the catalyst surface. The as-prepared W, P-FeB
works as a pre-catalyst which converts into core-shell W-FeOOH@W, P-FeB
during the OER process, with the evolved W-FeOOH acts as the catalytically
active sites for OER. It is worth noting that the internal boron and phosphorus

of the evolved W-FeOOH@W, P-FeB still play a critical role in modifying the
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electronic structure of metals and boosting charge transfer efficiency, and
thereby improving the catalytic performance of W, P-FeB (Hausmann et al.,

2021; Selvam et al., 2020).
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Figure 4.9. (a) XRD patterns of the post-OER W, P-FeB sample and bare
NF. (b) Raman spectra of W, P-FeB before and after the OER test.

To gain more mechanistic insights, DFT calculations were performed to
simulate the OER process. In this study, the W-FeOOH and bare FeOOH
models are established and computed (Fig. 4.10a-b), which represent the true
active phases of W, P co-doped FeB and bare FeB, respectively. In this study,
the (010) surface of a-FeOOH was selected for DFT computations based on
the XRD results and the high stability of this surface (Zhang et al., 2019a).
Firstly, the effect of W doping on the electronic properties was investigated by
calculating the electron density differences. The introduction of W can
profoundly regulate the electronic structure of FeEOOH (Fig. 4.11a). It can be
seen that the W atom is the electron depletion center due to its highest
electronegativity among the involved elements. The strong interaction between
W and the nearest O atom is also suggested by the charge population analysis
(Fig. 4.10c-d), from which it can be found that the charge of the O atom not
increased but decreased by 0.1 e, as compared with the O atom in the pure

FeOOH system. This phenomenon indicates the O atoms near the W atom may
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inhibit the electron depletion process of the W atom, and it may account for

the formation intermediate valence state of W.

Figure 4.10. The structural diagrams of FeEOOH (a) and W-doped FeOOH
(b). The charge population of FEOOH (c) and W-doped FeOOH (d).

In addition, the density of state (DOS) of W-doped FeOOH and pristine
FeOOH models was also calculated to deeply illustrate the inner W effect in
the catalyst. As shown in Fig. 4.11b, the bandgap between the valence and
conduction bands of FeOOH is about 0.7 eV. However, the doping of W results
in a metallic nature, implying a significantly enhanced conductivity and
electron transport rate, which would benefit the OER kinetics. In addition, W
dopants delocalize the electron density in the Fe 3d orbital near the Fermi level,

improving the reactivity of Fe atoms and accelerating the OER process.
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Figure 4.11. DFT simulations of OER. (a) Calculated electron density
differences of FeOOH and W-doped FeOOH (red and blue colors denote
electron accumulation and depletion, respectively; the labelled Fe atom is the
selected active site for the free-energy calculation). (b) Computed DOS for
FeOOH and W-doped FeOOH (the Er is set to be zero). (c) Reaction free-
energy diagrams for OER on FeOOH and W-doped FeOOH at zero potential
(U = 0); the potential limiting steps and the 7 are also given. (d) Calculated
free-energy landscapes for OER on W-doped FeOOH in alkaline solution at

various potentials.

To better understand the doping effect of the W atom on the OER process,
we have computed the reaction free-energy diagrams based on the four-
electron transfer pathway. As displayed in Fig. 4.11c, the third elementary
reaction step (O* + OH™ — OOH* + ¢") is the potential determining step (PDS)
for both W-doped FeOOH and bare FeOOH. The largest free energy change
of the PDS in FeOOH is 2.21 eV, corresponding to a 0.98 V theoretical 7.
After W doping, W-doped FeOOH possesses a lower free energy change (2.06
eV) of the RDS than that of FeOOH, indicating that W-doped FeOOH needs
an 77 lower than that of undoped FeEOOH by 0.15 V to drive the OER. Hence,

the W dopants can regulate the adsorption free energy of reaction intermediates
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and reduce the energy barrier for OER. For W-doped FeOOH, as the applied
potential increases to the equilibrium potential (1.23 V), some elementary
reactions (e.g., OH* and O* formation) become energetically downbhill
(exothermic), and only the formation of OOH* is still an uphill step, with an 7
of 0.83 V (Fig. 4.11d). To ensure each step goes downhill, a higher bias is
required. When the potential is further increased to 2.30 V, every step of W-

doped FeOOH goes downhill, indicating the spontaneous OER process.

» PO,*/BO5* etching accelerates surface reconstruction

> W-doping benefits OER process on FeOOH
» Hierarchical structure & amorphous feature

Figure 4.12. Illustration of the proposed mechanism for OER activity

enhancement.

Overall, the excellent OER activity of W, P-FeB mainly derives from the
accelerated surface reconstruction and the mass/charge transfer by anion
(borate and phosphate) etching, enhanced intrinsic catalytic activity via W
doping, in addition to the amorphous feature and hierarchical structure, as

schematized in Fig. 4.12.

4.4.Conclusions

In this study, a FeB-based OER pre-catalyst with accelerated surface
reconstruction and upgraded intrinsic activity of evolved FeOOH by W and P
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co-doping has been developed. The amorphous W and P co-doped FeB
exhibits great OER activity in alkaline media (7710 = 209 mV, Tafel slope =
39.87 mV dec™!), as well as excellent long-term durability. Furthermore, the
anion (borate and phosphate) etching during the OER process facilitates the
surface reconstruction and accelerates the mass/charge transfer. Density
functional theory calculations suggest W doping can enhance intrinsic catalytic
activity by optimizing the adsorption free energy of reaction intermediates.
What is more, the hierarchical structure and amorphous feature of W, P co-
doped FeB also benefit the overall OER process. This study provides a general
strategy to optimize metal borides (e.g., CoBx, MoBx, NiBx) for OER pre-

catalysts.
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CHAPTER 5
Controllable design of
nanoworm-like nickel sulfides for
efficient electrochemical water

splitting in alkaline media

This chapter has been derived from the published paper of Materials Today
Energy, 2020, 18, 100573.
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5.1.Introduction

Developing renewable energy technologies is an urgent issue to mitigate
the impending energy crisis and the alarming environmental degradation.
Water splitting is an efficient and clean way to produce hydrogen which is
considered a green energy carrier (Wan et al., 2019a; You and Sun, 2018). The
efficiency of the EWS is highly dependent on the electrode materials, namely
the catalysts. Noble metal (e.g., Pt, Ir, Pd, and Ru)-based catalysts have
exhibited great performance for EWS, however, the low reserve and high price
of these materials significantly limit their commercial applications (Chen et al.,
2020d; Shi et al., 2019). As a result, it is imperative to design cost-effective
catalysts for EWS. To our delight, numerous earth-abundant materials have
shown good catalytic performance for EWS (Chen et al., 2021b), including
transition metal-based materials (Li and Zheng, 2017; Lv et al., 2019; Yang et
al., 2018; Yu et al., 2019; Zhao et al., 2016; Zhu et al., 2018a) and metal-free
materials (Hu and Dai, 2019; Liu et al., 2019; Liu and Dai, 2016; Zhao et al.,
2019b; Zhao et al., 2019c). Typically. transition metal sulfides (TMSs) have
attracted enormous attention as OER and HER catalysts among these low-cost
candidates, due to their high intrinsic catalytic activity, good electrical

conductivity, and structural stability.

Nanoscale TMSs have been widely studied for EWS, but their catalytic
performance is still inferior to that of precious metal-based materials. To
further improve the catalytic properties of TMSs, various efficient strategies
have been employed, including chemical component regulation (Wan et al.,
2019a), morphology control (Hou et al., 2019; Joo et al., 2019), defect
engineering (Sun et al., 2019¢c; Zhang et al., 2018e), and hybridization (Shifa
et al., 2018; Tang et al., 2019), etc. Recent studies show that the morphology
of nanocatalysts has a prominent effect on the catalytic performance of TMSs

(Chen et al., 2020c). For example, Wu et al. (2017a) compared the catalytic
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performance of three zinc cobalt mixed sulfide nanostructures with different
morphologies, including nanosheets, nanoplates, and nanoneedles. The one-
dimensional Zn-Co-S nanoneedles exhibited higher catalytic activities toward
both HER and OER than the analogues. This is because the integrated Zn-Co-
S nanoneedle/CFP nanostructure can provide enhanced electrochemical active
area, facilitate ion transfer, and gas evolution. Similarly, You and co-workers
(2016) investigated the correlation between morphology and HER activity of
a series of CoS with different nanostructures. The CoS nanoparticle shows the
largest surface area and ECSA, and such merits contribute to populated
electroactive sites and enhanced mass/charge transport, rendering its best HER
performance. As a result, it is of great significance to tune the morphology of
catalysts, and thus improve the surface active sites and the structural stability
(Chen et al., 2019c). Although TMSs with different morphologies for EWS
have been documented, the morphology-control synthesis of efficient NiS
catalysts with facile methods is still challenging. Additionally, the relationship
between the morphology-controlled catalysts and their catalytic properties

needs further exploration.

Herein, we have developed a one-step solvothermal strategy to construct
nickel sulfides as efficient water splitting catalysts. The morphology-
dependent electrochemical performance is uncovered, and the nanoworm-like
nickel sulfides (NiS-NW/NF) outperform the nanoplate-like counterpart.
Benefiting from the small size, abundant active sites, large electrochemical
surface area, and good conductivity, the NiS-NW/NF exhibits great OER
performance (e.g., 77100 = 279 mV, Tafel slope = 38.44 mV dec™!) and good
HER activity. When fabricated in a two-electrode cell, only a voltage as low

as 1.563 V was required to achieve jjo.

5.2.Experimental section

5.2.1. Material synthesis
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The NiS nanoworms (NW) were prepared using a solvothermal method.
Briefly, NF with a thickness of 1 mm was ultrasonically treated with 1M HCI,
followed by acetone and distilled water to remove the oxide layer. The growth
solution was prepared by dissolving 2 mmol of thiourea (TU) as a sulfur source
into 27 mL of isopropanol alcohol (IA) under vigorous stirring at room
temperature for 1 hour. After TU completed dissolved, 3 mL of glycerol was
added to the solution and continued stirring for another 30 min. Then, the
mixed solution was transferred into a 50 mL autoclave followed by immersing
NF (2 x 2 cm?) and placed in a conventional oven at 180 °C for 3 hours. After
the reaction is completed it is allowed to be cooled naturally. Finally, the as-
obtained materials were well washed with ethanol and water and then dried at
the vacuum oven at 60 °C for 4 h. Similarly, the NiS nanoplates (NP) were
synthesized when 30 mL of TA was used, without the addition of glycerol. A
series of NiS samples were prepared by changing the dosages of IA and

glycerol, and the total amount of IA and glycerol was controlled at 30 mL.

5.2.2. Structural characterization

Methods for XRD, SEM, TEM, and XPS measurements are described in
Chapter 4, Section 4.2.2.

5.2.3. Electrochemical tests

Methods for electrochemical measurements are described in Chapter 4,

Section 4.2.3.

5.3.Results and discussion

5.3.1. Material characterizations
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Figure 5.1. Schematic of the formation of NiS-NW/NF and NiS-NP/NF.

Figure 5.1 illustrates the synthesis procedure of the nickel sulfide samples,
which only comprises a solvothermal sulfidation of direct growth of nickel
sulfides on nickel foam. The appropriate addition of glycerol and IA as
surfactants is the key for tuning the morphology of nickel sulfides. The
nanoworm-like nickel sulfide sample (NiS-NW/NF) is obtained when a small
amount (3 mL) of glycerol and 27 mL of IA are added as the solvent, while the
nanoplate-like nickel sulfide sample (NiS-NP/NF) is formed by adding 30 mL
of IA only. Compared with the NiS-NP/NF, the NiS-NW/NF possesses a
smaller average size ( ~100 vs. ~200 nm) and higher surface area (Fig. 5.2a-b).
These features suggest that the NiS NWs may be more favorable for
electrochemical reactions than their counterpart. In addition, the energy-
dispersive spectroscopy (EDS) elemental mapping images of the NiS NWs

(Fig. 5.2c) show the uniform distribution of Ni and S.
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Figure 5.2. (a) SEM image of NiS-NW/NF, (b) SEM image of NiS-NP/NF, (c)
SEM-EDS mapping of NiS-NW/NF, (d) XRD patterns of NiS-NW/NF, NiS-

NP/NF and bare Nickel foam, (¢) HRTEM image of NiS-NW/NF.

The crystal structures of the as-prepared nickel sulfides were investigated
with XRD. As depicted in Fig. 5.2d, most of the strong peaks in the XRD
patterns of NiS-N'W/NF and NiS-NP/NF are matched to NizS2 (JCPDS No. 71-
1682) and NiS (JCPDS No. 86-2280), indicating that the two nickel sulfide
samples are mainly composed of Ni3S; and NiS. The diffraction peaks at 21.7°,
31.0°,37.7°,38.2°,44.3°,49.6°, 50.0°, and 55.2° can be assigned to (101), (110),
(003), (021), (202), (113), (211), and (122) reflection planes of NizS,
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respectively; whereas those at 18.3°, 30.2°, 32.1°, 35.7°, 40.4°, 48.8°, 50.1°,
52.6° and 57.3° can be indexed to (1-10), (101), (300), (021), (211), (131),
(410), (401), and (330) reflection planes of NiS, respectively. Apart from NizS»
and NiS, the strong peaks of metallic Ni are still observed on the patterns of
nickel sulfide samples, suggesting that the nickel foam is partially sulfurized.
Further insights into the nanostructure of NiS NWs are provided by the TEM
analysis. Figure 5.2¢ presents a typical high magnification TEM image of NiS
NWs, the crystal lattices of NiS NWs can be indexed to Ni3S> and NiS with a
clear interface. The lattice distances of 0.28 and 0.48 nm correspond to the
(110) and (1-10) crystal planes of Ni3Sz and NiS, respectively. The results from
the TEM image are in line with the XRD analysis.
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Figure 5.3. (a) XPS survey spectrum, (b) Ni 2p, and (c) S 2p XPS spectra of
NiS-NW/NF.

XPS analysis was employed to ascertain the elemental composition and

the electronic structure of the NiS-NW/NF. The obtained survey spectrum in
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Fig. 5.3a suggests the co-presence of S and Ni elements. The appreciable peaks
at 854.7 and 872.1 eV in Fig. 5.3b can be attributed to the Ni*" state, and the
distinct peaks at 856.1 and 873.7 eV correspond to the Ni** state. These results
suggest the co-existence of NiS and Ni3S> in NiS-NW/NF (Guan et al., 2019).
Meanwhile, the high-resolution spectrum of S 2p in Fig. 5.3c displays three
fitting peaks at 169.1 eV, 163.8 eV and 162.6 eV, which can be assigned to
SO4%, S 2p12 and S 2ps; in NiS-NW/NF, respectively, and the presence of

SO4> is mainly due to surface oxidation.

5.3.2. Electrocatalytic performance

The OER activity of the as-prepared nickel sulfide samples was examined
in the oxygen-saturated 1.0 M KOH solution. The OER performances of acid-
treated bare NF and IrO»/NF were also tested. As shown in Fig. 5.4a, NiS-
NW/NF requires a substantially lower 7 of 279 mV to obtain 100 mA cm™
compared to NiS-NP/NF (300 mV), and IrO2/NF (315 mV). The peaks ranging
from 1.3 to 1.4 V vs. RHE for the LSV curves are ascribed to the oxidation of
Ni** to Ni*". Furthermore, at the anodic current densities of 200 and 400 mA
cm 2, the applied 7 of NiS-NW/NF are 334 and 398 mV respectively,
significantly lower than those of NiS-NP/NF (450 and 652 mV) (Fig. 5.4b).
Figure 5.4c shows that NiS-NW/NF delivers a lower Tafel slope (38.44 mV
dec™!) than NiS-NP/NF (88.03 mV dec ') and NF (89.51 mV dec!), suggesting
the OER kinetics of NiS-NW/NF is superior to that of NiS-NP/NF and NF.
These results of 7 and Tafel slopes reveal that NiS-NW/NF indeed exhibits
efficient OER performances (77100 = 279 mV, Tafel slope = 38.44 mV dec ™)),
which are much better than NiS-NP/NF (7100 = 300 mV, Tafel slope = 88.03
mV dec™!). In addition, the OER activities (7100, Tafel slope) of NiS-NW/NF
outperform most of the recently documented nickel sulfide-based OER
catalysts (Fig. 5.4d) (Ding et al., 2018; Guan et al., 2019; He et al., 2020; Li et
al.,2019a; Lin et al., 2018; Qin et al., 2020; Shit et al., 2018; Wan et al., 2019b;
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Wu et al., 2019a; Yan et al., 2017; Zhao et al., 2019d; Zhou et al., 2019; Zhu
et al., 2019a), such as NiCoS/NF (370 mV, 145 mV dec™!) (Yan et al., 2017),
Ni3N-NisS; (404 mV, 112 mV dec!) (Zhao et al., 2019d), CoSx/NizS:@NF
(373 mV, 105 mV dec™") (Shit et al., 2018), P-doped Ni3S2/NF (306 mV, 99
mV dec™!) (Ding et al., 2018), NizSs4 (340 mV, 67 mV dec!) (Wan et al.,
2019b).
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Figure 5.4. (a) LSV curves of the OER performance of Ni foam, NiS-NW/NF,
NiS-NP/NF, and IrO2/NF in 1.0 M KOH. (b) Comparison of 7100, 77200, and
na00 of NiS-NW/NF, NiS-NP/NF, and [rO2/NF. (c) Tafel plots of Ni foam,
NiS-NW/NF, NiS-NP/NF, and IrO2/NF. (d) Comparison of 7100 and Tafel
slope of OER between the NiS-NW/NF and reported nickel sulfide-based

catalysts.

To probe the charge-transfer kinetics and the ECSA of catalysts, Cq and
EIS were measured. Cqi is a convincing parameter for the estimation of
accessible active sites of electrocatalysts, as the Cq is positively proportional
to ECSA. The Cai was measured via CV scans in a non-faradic potential region

(1.1 -1.2 V vs. RHE) at various scan rates (40 - 120 mV s7!) (Fig. 5.5a-c). The
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capacitive current density differences (/A\j = (ja-jc)/2) at 1.15 V vs. RHE as a
function of scan rate display the Ca values of catalysts (Fig. 5.5d). The
calculated Cgq; values of NiS-NW/NF, NiS-NP/NF, and NF are 39.42, 10.36,
and 2.88 mF cm2, respectively. The high Ca value means NiS-NW/NF
possesses a much higher ECSA in comparison to that of NiS-NP/NF and NF,
suggesting that NiS-NW/NF exposes more electroactive sites for the
electrocatalytic water oxidation reaction. To further investigate the OER
kinetics, EIS was also measured. Fig. 5.5¢ presents the Nyquist plots of NiS-
NW/NF, NiS-NP/NF, and NF. The Nyquist plot of NiS-NW/NF shows a
smaller semicircle than that of NiS-NP/NF and NF in the high-frequency
region. The fitting results suggest that NiS-N'W/NF exhibits a smaller R (4.84
Q) than that of NiS-NP/NF (21.11 Q) and NF (67.11 Q), revealing a faster

charge transfer and the smaller charge transfer resistance of the NiS-NW/NF

during the OER process.
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Figure 5.5. (a-c) Cyclic voltammograms of NiS-NW/NF, NiS-NW/NF, and
nickel foam at different scan rates. (d) Scan rate dependence of j for NiS-
NW/NF, NiS-NW/NF, and nickel foam at 1.15 V vs. RHE, (e) Nyquist plots
at the open circuit potential, (f) Amperometric i-t curve of NiS-NW/NF at 1.5

V versus RHE.
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In this study, the chronoamperometry (CA) measurement was conducted
at 1.5 V vs. RHE to evaluate the durability of NiS-NW/NF toward OER. As
depicted in Fig. 5.5, the j remains stable after 12 h running, and only about 5%
J loss happened on the NiS-NW/NF electrode. This result indicates that the
NiS-NW/NF exhibits good stability under alkaline conditions. In addition, the
XPS test was performed to examine the chemical state of the pre-catalytic and
post-OER NiS-NW/NF. There is no obvious change observed for signals for
the Ni species (Fig. 5.6a) for the catalyst after the OER electrocatalysis.
However, the S 2p spectra show that the intensity of S peaks decreases
significantly after the long-term OER test (Fig. 5.6b), indicating the surface
oxidation of NiS-NW/NF.
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Figure 5.6. XPS spectra of (a) Ni 2P and (b) S 2p in NiS-NW/NF before and
after OER tests.

Moreover, the HER activity of NiS-NW/NF, NiS-NP/NF, and NF was
also measured in Nz-saturated 1.0 M KOH. The 7 required to reach 20 mA cm™
2 are determined to be 224, 228, and 415 mV for NiS-NW/NF, NiS-NP/NF,
and NF, respectively (Fig. 5.7a). This comparison clearly shows that NiS-
NW?/NF exhibits a lower 77 than NiS-NP/NF. However, the HER performances
of NiS catalysts in this study are inferior to those of the 20 wt % Pt/C

benchmark catalyst which only takes 92.6 mV to achieve j2o. Although the 20
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wt % Pt/C catalyst exhibits the smallest Tafel slope (72.35 mV dec!) (Fig.
5.7b), NiS-NW/NF (116.24 mV dec ') shows a lower Tafel slope than that of
NiS-NP/NF (122.37 mV dec™!) and NF (163.94 mV dec™!). These results
suggest that NiS-NW/NF exhibits improved HER activity compared to NiS-
NP/NF, demonstrating the advantage of the dimensionally constructed
heterogeneous nanoworm structure with multi-level interfaces. Moreover, the
excellent HER performance of NiS-NW/NF is also attributed to abundant
exposure of electroactive sites owing to the high surface area. Apart from the
favorable HER activity, NiS-NW/NF also shows good durability in 1 M KOH.
The results displayed in Fig. 5.7c suggest the electrocatalytic activity of HER

decreases very little after 12 h electrocatalysis.
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Figure 5.7. (a) LSV curves of the HER performance of NiS-NW/NF, NiS-
NW?/NF, nickel foam, and 20 wt % Pt/C, (b) corresponding Tafel plots. (c)
Amperometric i-t curve of NiS-NW/NF for HER at an 7 of 190 mV. (d) LSV
curve of water electrolysis using NiS-NW/NF or NiS-NW/NF as both HER
and OER electrocatalysts in a two-electrode configuration, (¢) Amperometric

i-t curve of NiS-N'W/NF for water splitting at an applied potential of 1.563 V.

As the synthesized catalyst showcases good electrocatalytic activities
toward both OER and HER in the alkaline solution, a two-electrode single-cell

system was constructed using NiS-NW/NF as both cathode and anode to
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investigate its OWS competency. For comparison, the performance of NiS-
NP/NF was also tested. Impressively, the jio is achieved obtained at a low cell
voltage of 1.563 V over the NiS-NW/NF||NiS-NW/NF, which is smaller than
that of 1.643 V over the NiS-NP/NF||NiS-NP/NF (Fig. 5.7d). At a constant
potential of 1.563 V, NiS-NW/NF shows a negligible change of j after
continuous operation for 12 h (Fig. 5.7e), which indicates its great durability.
As a catalyst for OWS, the NiS-N'W/NF shows favorable catalytic activity and
structural stability, directing an efficient and large-scale synthetic strategy for

binder-free catalysts in renewable energy conversion.

5.4.Conclusions

In summary, we have synthesized a nanoworm-like nickel sulfide
nanostructure via a one-step solvothermal method. With a smaller size, larger
electrochemical surface area, and lower charge transfer resistance, the as-
prepared nanoworm-like nickel sulfides (NiS-N'W/NF) perform better than the
nanoplate-like counterpart as well as most of reported nickel sulfide-based
catalysts. In addition, when used as a bifunctional catalyst for OWS, the NiS-
NW/NF achieves jio at only 1.563 V with good long-term durability. This study
provides a facile and effective strategy for the design and development of cost-

effective catalysts for water splitting.
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CHAPTER 6
Integrating high-etfficiency
oxygen evolution catalysts

featuring accelerated surface
reconstruction from waste
printed circuit boards via a

boriding recycling strategy

This chapter has been derived from the published paper of Applied Catalysis
B: Environmental, 2021, 298, 120583.
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6.1.Introduction

Energy safety and environmental sustainability gain top priority in our
community in the current era. The depletion of fossil fuels, environmental
degradation, and climate changes has attracted extensive research interest in
advancing sustainable technologies (Chen et al., 2019b; Seh et al., 2017; Zhang
et al., 2021). Energy conversion from renewable sources is a great solution to
meet the growing energy demands and tackle the associated environmental
issues (Tiwari et al., 2020; Zhang et al., 2019¢). Among different energy
techniques governed by electrochemistry, water splitting, fuel cells, and metal-
air batteries are the most efficient ones. It is noted that the OER acts as a central
reaction for these important schemes (Fang and Liu, 2010; Seitz et al., 2016;
Suen et al., 2017; Zhong et al., 2018a). Developing high-performance catalysts

to overcome the sluggish kinetics of OER is thus highly glamorous.

Noble metal (e.g., Ru and Ir)-based materials are the state-of-the-art OER
catalysts due to their high catalytic activity and broad pH durability (Chen et
al., 2020b). Nevertheless, the high-cost and low reservoir of Ir and Ru gravely
hamper their large-scale applications (Wang et al., 2013; Yuan et al., 2020).
Therefore, designing low-cost and efficient catalysts for OER remains an
ongoing challenge. Recently, many transition metal (TM, e.g., Fe, Co, Ni, Cu,
Mn, Mo)-based nanomaterials such as alloys, oxides, hydroxides, sulfides,
selenides, borides, and phosphides are emerging as excellent catalysts for OER,
attributing to their low-cost, good catalytic performance (Chen et al., 2021b;
Hausmann et al., 2020; Zhang et al., 2019c; Zhang et al., 2018d). Among the
different catalysts, multimetal-based materials gain growing interest as they
generally outperform the mono-metal counterparts due to the populated active
sites and tunable electronic structure (Yu and Lou, 2018), especially Fe/Co/Ni-
bearing catalysts (Jiang et al., 2018; Zhang et al., 2016a). Intriguingly, most

TM-based OER electrocatalysts (e.g., pnictides and chalcogenides) are
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reported to undergo surface reconstruction into metal (oxy)hydroxides as the
active phase during the catalytic process (Christopher et al.,, 2021;
Sivanantham et al., 2020). However, the surface evolution of multimetal-based
catalysts has yet to be identified, and the structure-property relationship needs

to be further elucidated.

Generally, cations in TM-based compounds act as active sites for OER,
because the electronic structure of cations significantly governs the OER
activity. Nevertheless, anions, mainly refer to nonmetals and metalloids (e.g.,
P, B, Sn, S, Se), also play a crucial role in ruling the OER properties. On one
side, anions can modulate their neighbouring cationic active sites' electronic
structure, regulate the adsorption/desorption of reaction intermediates, and
eventually contribute to the OER activity (Chen et al., 2020b). On the other
side, the dissolution/etching of anions can induce abundant defective sites on
the catalyst surface and accelerate the surface reconstruction under oxidative
working conditions (Wang et al., 2020). Under this circumstance, amorphous
materials with flexible structures and abundant defects are more favourable for
the surface evolution process (Anantharaj and Noda, 2019). Thus, it is of great
interest to achieve an excellent catalytic activity by regulating anions and

cations of TM-based amorphous electrocatalysts.

The synthesis of functional materials (e.g., adsorbents, catalysts, and
electrode materials) from waste, which has environmental and economic
benefits, has attracted growing attention over the past few years (Assefi et al.,
2019; Natarajan and Aravindan, 2018; Niu and Xu, 2019). Inspired by the
concept of "waste-to-treasure" strategy and industrial ecology, considerable
attention has been arisen to recycle and reuse urban mines solid wastes,
including the ever-increasing electrical and electronic wastes. Recycling
critical metals (e.g., Au, Ag, Pt, Fe, Ni, Cu) from the massive amount of waste

printed circuit boards (WPCBs) are particularly interesting, not only for their
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high economic potential but also ascribing to its potential environmental risks
(Sun et al., 2020). Currently, the recovery of precious metals from WPCBs is
the most critical issue due to their higher economic value. However, efficient
recovery/reuse of waste metals has not received sufficient attention, leading to
substantial economic loss, severe environmental impacts, and human health
issues. To this end, designing efficient recycling processes is a highly
emergency for WPCBs management. At present, the dominated
hydrometallurgical process relies on a step-by-step separation of TMs with
similar physical and chemical properties (e.g., Ni, Cu, Fe, and Sn) from their
mixed leachates of WPCBs, which requires complex flowsheets, large volumes
of chemicals, and a portion of metal loss. On the other hand, supposing the
mixed metals can be used as a composite material, there is no need to separate
Ni, Cu, Fe, or Sn from their mixed leachates during the recovery process (Yang
et al., 2016). In this context, the metals' recycling flowsheet is supposed to be

significantly simplified and cost-effective.

Keeping these in mind, herein, we have extended the "waste-to-treasure"
principle via employing a facile boriding strategy to directly convert the
multimetal cations contained leachates of various of WPCBs in multimetal
borides (FeNiCuSnBs) for efficient OER. Fe, Ni, Cu, and Sn have been
efficiently recovered from the leachate via the novel boriding process. The as-
obtained mixed metal boride catalysts have exhibited excellent OER
performance (the jio is achieved with a low 7 of 199 mV) with low OER
catalyst manufacturing cost. Additionally, the catalyst structure-activity
relationship has been elucidated with the aid of ex-sifu characterization
techniques. It is unveiled that the accelerated surface reconstruction induced
by B/Sn etching significantly promotes the OER process. Moreover, the
efficient mass/charge transfer and multiple active sites (Ni/Fe/Cu
(oxy)hydroxides) and the amorphous hierarchical structure also benefit the
OER performance. Considerably, the proposed facile and efficient boriding
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strategy can be applied to regenerate efficient catalysts from WPCBs and be
extended to the high-efficiency waste metal recovery and reutilization of

critical metals from other electrical and electronic wastes.

6.2.Experimental section

6.2.1. Catalyst synthesis

The FeNiCuSnB catalysts (FNCSBs) derived from the leachates of
WPCBs were prepared via a simple and low-cost boriding route. The
pretreatment processes, such as crushing, sampling, and physical separation,
were finished in a recourse recycling company in Changsha, China, as well as
the hydrometallurgical recovery of noble metals (e.g., Pd, Au, Pt, Ag). Later,
the resulting noble metal-free leachates were taken as the precursor in our study.
Four leachates with various ion concentrations were employed to verify the

universality of the proposed "waste-to-treasure" strategy.

In a typical boriding process, a certain amount of as-obtained leachates
was added in a 500 mL three-necked round-bottom flask, which was diluted to
a fixed volume of 100 mL with pure water. A small volume of solution was
collected to calculate the ion concentrations before the reaction. Then the
solution was stirred vigorously under an Ar flow for about 30 min. Afterward,
30 mL of 0.1 M NaOH aqueous solution containing excess sodium
borohydride (NaBH4) was slowly added to the solution using a syringe under
constant stirring, in an ice-water bath. The solution was then stirred for 20 min
to ensure the complete reaction. After that, the vessel was kept still for 12 h,
and a small volume of solution was collected with a syringe to test the ion
concentrations after the reaction. Subsequently, the precipitate in the solution
was separated with a magnet and well washed with ethanol and water. At last,
the products were dried at 50 °C, in a vacuum oven. Four borides were prepared

via the same procedures, with different leachate precursors.
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6.2.2. Physical and chemical characterization

Methods for XRD, SEM, TEM, XPS, ICP-OES, and ICP-MS

measurements are described in Chapter 4, Section 4.2.2.

6.2.3. Electrochemical tests

Methods for electrochemical measurements are described in Chapter 4,

Section 4.2.3.

6.3.Results and discussion

6.3.1. Catalyst synthesis and structural characterizations
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Figure 6.1. Schematic illustration of the boriding recycling process. (a)
Schematic illustration showing the synthesis of electrocatalysts for OER from
the waste leachates of WPCBs via a facile boriding recycling process. (b)
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Photographs of the WPCB leachates before and after the boriding reaction. (¢)
Recovery rates of Fe, Cu, Ni, and Sn via the boriding recycling process for

FNCSB-4.

The multimetal borides, denoted as FeNiCuSnBs (FNCSBs), were
obtained from the leachates of WPCBs via a facile boriding strategy as shown
in Fig. 6.1a. In brief, the collected WPCBs were subjected to a series of
physical and chemical treatments processes (e.g., crushing, separation, and
leaching) to obtain the leachates, which were substantially chemically reduced
in an ice-water bath by NaBH4 under the Ar atmosphere. To further verify the
universal of the proposed "waste-to-treasure" strategy, four samples (FNCSB-
1 to FNCSB-4) originated from four PCB precursors with various metal ratios
(Table 6.1) were prepared via the boriding chemical reduction process. In
addition, the boriding process could be visually tracked by the color changes
of the solution, as shown in Fig. 6.1b. Compared to the initial WPCB leachates
(green), the solution turns to be colorless and transparent after about 10 min,
possibly as a result of the significantly decreased concentration of metal ions.
The chemical components of the obtained FNCSBs were further studied with
ICP-OES. Compared with FNCSB-1 (Fe1s.6Nig.7Cu2.3Sn13B6.2065.9), FNCSB-
2 (Feo.sNii5.6Cuo.7Sn1.2B920¢3 8), and FNCSB-3
(Fe16.1N118.1Cu1.1Sn1.7B1450485), FNCSB-4 (Fes§Niz64CuooSn;3B2s.10255)
contains a summation of 41.2 % Ni and Fe concentration, which is higher than

the other three multimetal borides.
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Table 6.1. The metal ion concentrations in leachate precursors.

Concentration (mg L)

Sample
Fe Cr Cu Mn Ni Sn

Precursor of
10530.70 28.8 5044.7 7830 5364.80 2817.45
FNCSB-1

Precursor of
952448 2735 457250 88.65 5499.65 2809.45
FNCSB-2

Precursor of
13217.52 16.25 8537.53 8195 5736.88 1326.36
FNCSB-3

Precursor of
7326.88 30.85 561445 67.42 12830.44 1821.51
FNCSB-4

During the boriding process, Fe, Ni, Cu, and Sn's recovery efficiencies
were calculated via characterizing the ion concentrations before and after the
reaction. As shown in Fig. 6.1c, the recovery rates of Fe, Ni, Cu, and Sn attain
99.78%, 99.98%, 99.96%, and 99.49%, respectively. Compared with the
prominent (bio)hydrometallurgical processes (Table 6.2) in metal recovery for
WPCBs, here the one-step boriding process is facile with fewer chemicals
consumption, fast recovery dynamics, and higher metals recovery rates than
the state-of-the-art selective (bio)leaching/extraction routes. The high recovery
rate achieved during the boriding process for Fe, Ni, Cu, and Sn is mainly due
to the strong reducing capability of NaBH4. The Fe**, Ni**, Cu**, and Sn*"
cations in the leachate can be unselectively and rapidly (within several minutes)
reduced and precipitated in the solution via the following chemical equation:
Fe*'+ Ni** + Cu®" + Sn*" + 11BHs + 30H,0 — FeNiCuSnB + 37H, +
10B(OH); (Carenco et al., 2013). Interestingly, the generated multimetallic
borides can be easily separated from the solution by using a magnet (Fig. 6.1b),
which could be facile for further large-scale separation processes under a

magnetic field. After the separation of the FNCSB-4 solid, the Fe**, Ni**, Cu*",
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and Sn*" concentrations in the solution have been reduced to 0.9735, 0.5334,
0.2289, and 0.4295 mg L. The remaining concentrations of Ni** and Cu’" are
close to the emission limits (0.5mg L' for Ni, 0.5 mg L' for Cu) of the
Discharge Standard of Water Pollutants for Electronic Industry in China (GB
39731-2020). Thus, the highly efficient boriding process can facilitate the

subsequent wastewater treatment process.

Table 6.2. A summary of base metal recovery from WPCBs with state-of-

the-art techniques.

WPCB Recovery rate (%)
Recovery method Reference
type Ni Cu Fe Sn
Two-stage
LCD Green Chem.
leaching,
modules 97.4  99.99 - - 2020, 22,
selective
WPCBs' 7080-7092.
extraction
Ball milling, Environ. Sci.
Mixed
leaching, - 99.8 - - Technol. 2019,
WPCBs
recrystallization 53, 2748-2757.
Resourc.
Computers Conser.
Selective leaching  12.6 96.5 - 93
WPCBs* Recycl. 2020,
154, 104624.
Hydrometallur
Mixed Bioleaching,
- 99 - - gv 2020, 191,
WPCBs cementation
105170.
Selective J. Hazard.
Mixed
. leaching, cyclone - 95.72  92.59 92.75  Mater. 2020,
WPCBs
electrowinning 384, 121355.
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ACS

Sustainable
Mixed Supergravity
. - 97.80 - 97.69 Chem. Eng.
WPCBs separation
2018, 6, 186-
192.
mobile J. Clean. Prod.
Ionic liquid-
phones - 92.65 - - 2020, 256,
., assisted leaching
WPCBs 120368.
Hydrometallur
Mixed Bioleaching (12
* 82 90 - - gv 2013, 131-
WPCBs days)
132, 138-143.
Waste
Computers Bioleaching (8
- 85 - - Manage. 2015,
days)
WPCBs 41, 148-158.
Mixed One-step
99.98 99.96 99.78 99.49 This study
WPCBs boronizing

*  Note: In these studies, the metal recovery refers to the leaching ratio of

metals from the PCBs, and these studies did not recycle metals from the

solution.

The morphology of FNCSB-4 was firstly probed by SEM. Figure 6.2a-b
reveals that FNCSB-4 exhibits a coral-like interconnected structure that
consists of hierarchical aggregates of nanocolumn-like particles with abundant
pores. These creamy pores are capable of providing abundant transportation
channels for electrolytes and gaseous products (Chen et al., 2020d). Besides,
the as-formed multicomponent hierarchical nanostructure not only provides
sufficient electroactive sites but also facilitates the mass/charge transfer during
OER (Dangetal., 2017; Guo et al., 2019c). The size of FNCSB-4 nanoparticles

varies in the range of 50-100 nm, as observed in the TEM image (Fig. 6.2¢).
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An extension of the amorphous layer, as revealed in Fig. 6.2d, is attributed to
the development of a thin metal oxide/borate layer on metal boride particles
(Nsanzimana et al., 2018b). Besides, the SAED pattern in Fig. 6.2¢ discloses a
local disordered structure of FNCSB-4 as no diffraction spots or sharp
diffraction rings are observed. The EDS analysis implies the co-existence of B,
O, Sn, Fe, Cu, and Ni elements in FNCSB-4, and these six elements are
homogeneously distributed (Fig. 6.2f). It should be mentioned that oxygen in

the borides mainly stems from the inescapable surface oxidation during the

catalyst synthesis process, which is also validated by the previous TEM image.

Figure 6.2. Microscopic characterization of FNCSB-4. (a, b) SEM images. (c)
TEM bright-field image. (d) HRTEM image and (e) corresponding SAED
pattern. (f) TEM EDS mapping.

The crystallinity of FNCSB-4 was further investigated via the powder
XRD technique. As depicted in Fig. 6.3a, there are no pronounced crystalline
diffraction peaks observed, and only a broad hump within the 20 range of 40 -
50° is observed. The XRD result tells the amorphous feature of FNCSB-4 and
supports the HRTEM and SAED observations, being in line with earlier reports

on amorphous borides (Chen et al., 2021c; Li et al., 2019d; Nsanzimana et al.,
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2019). XPS was employed to uncover the surface chemistry of FNCSB-4. As
expected, the survey spectrum of FNCSB-4 identifies the co-presence of Sn,
Fe, Cu, Ni, B, and O elements (Fig. 6.3b). In the B 1s spectrum (Fig. 6.3¢c), two
peaks at 187.7 and 192.2 eV can be assigned to metalloid boron and oxidized
boron, respectively. Additionally, the binding energy of metalloid B in
FNCSB-4 is higher than that of pure B (187.0 eV), hinting B atoms in FNCSB-
4 can donate electrons to the bonded metals (Masa et al., 2019). Thus, the
existence of boron can regulate the electronic structure of Ni/Fe/Cu/Sn in
FNCSB-4. The Sn 3d spectrum shows two peaks at 485.2 and 486.4 eV,
respectively (Fig. 6.3d). The former one at 485.2 eV is attributed to the metallic
Sn, and the latter one at 486.4 eV is from Sn*"?* (Li et al., 2018a), arising from
the oxidation of FNCSB-4 under ambient conditions. There are two separate
peaks in the Cu 2p core-line spectrum (Fig. 6.3¢). The binding energy at 931.9
eV can be indexed to the Cu 2p3/» of metallic Cu or Cu”, and the higher binding
energy at 951.9 eV can be assigned to Cu®!" 2py,» (Ling et al., 2018). The Ni
2p spectrum can be deconvoluted into six peaks in Fig. 6.3f, which is attributed
to four spin-orbit doublets and two shakeup satellite peaks. The two peaks with
lower binding energies of 851.8 and 869.1 eV can be ascribed to Ni’ 2p3/> and
Ni® 2p152, respectively, indicating the generation of Ni-B/Ni-based alloys in
FNCSB-4. Moreover, the binding energies at 855.6 and 873.6 eV can be
indexed to Ni** 2p3/» and Ni** 2p» with two satellite peaks at 860.8 and 880.1
eV accordingly. For the Fe 2p core-line spectrum in Fig. 6.3g, the peak located
at 706.1 eV is assigned to Fe’. The other two spin-orbit doublets are stemmed
from Fe** (711.5 and 724.6 eV) and Fe?* (709.1 and 722.2 eV). In the O 1s
spectrum (Fig. 6.3h), three peaks located at 529.5, 531.6, and 532.8 eV can be
attributed to the lattice oxygen, substituted hydroxyl groups, and surface
physic-/chemisorbed H>O, respectively. The rich oxidation states of surface
metals could be ascribed to that transition metal borides can be oxidized readily

when exposed to water/air (Li et al., 2019d), and the formed highly oxidized
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surface would escalate the subsequent electrocatalytic reaction (Chen et al.,

2020d; Wang et al., 2019a).
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Figure 6.3. XRD and XPS characterizations of FNCSB-4. (a) XRD pattern. (b)

XPS survey of FNCSB-4. (c-h) High-resolution XPS spectra of B 1s, Sn 3d,

Cu 2p, Ni 2p, Fe 2p, and O 1s for FNCSB-4.

6.3.2.  Electrocatalytic

performance of FNCSBs
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Figure 6.4. OER performance of FNCSBs. (a) LSV curves of FNCSBs, the
RuO: catalyst, and bare NF. (b) 710, and the current densities at 1.50 V vs. RHE
of FNCSBs and the RuO»> catalyst. (c) Tafel plots of FNCSBs and the RuO»
catalyst. (d) OER activity comparison graph showing the Tafel slope with 710
for FNCSB-4 and reported state-of-the-art TM-based electrocatalysts, as well

as noble metal-containing catalysts (listed in Table 6.3).

The OER electrocatalytic performance of as-obtained catalysts was tested
in a 1.0 M KOH solution. For direct comparison, the OER activity of the
commercial RuO: catalyst and NF was also measured. The LSV polarization
curves in Fig. 6.4a disclose that FNCSB-4 outperforms its analogues, the RuO»
catalyst, and NF for OER. Remarkably, to attain the ji0o, FNCSB-4 only
requires an 77 of 199 mV which is significantly lower than other investigated
catalysts (Fig. 6.4b). Compared with other samples, FNCSB-4 exhibits the
highest j of 216.2 mA c¢cm 2 at the 77 of 270 mV, 16 times higher than that of
the RuO; catalyst. The oxidation peaks located at 1.3 - 1.4 V vs. RHE originate
from the electrooxidation of Ni species from the Ni component in FNCSBs and
the NF substrate (Chen et al., 2020e). Additionally, NF exhibits a low OER

activity (7710 - 428 mV), revealing its minor contribution to the catalytic activity
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of FNCSBs. The OER kinetics of FNCSBs and the RuO» catalyst are analyzed
with the Tafel plots. Compared with NF (163.35 mV dec™'), RuO> (145.65 mV
dec!), FNCSB-1 (57.85 mV dec!), FNCSB-2 (55.11 mV dec!), and FNCSB-
3 (55.28 mV dec™!), FNCSB-4 displays the lowest Tafel slope (53.98 mV dec™
1) (Fig. 6.4c). These results insinuate that FNCSB-4 is the most kinetically
favourable electrocatalyst among the studied materials. The major difference
between FNCSB-4 and other materials is the higher content of Ni and Fe,
suggesting that Ni and Fe may be the most active components in FNCSBs for
OER, which is in line with previous reports (Gao and Yan, 2020; Liang et al.,
2017; Zhao et al., 2020b). Furthermore, to the best of our knowledge,
compared to other recently reported waste-derived OER catalysts, FNCSB-4
achieves a record-high activity (Table 6.3). In addition, FNCSB-4 exhibits a
better OER activity (7710, Tafel slope) than most of the state-of-the-art TM-
based nanocatalysts, as well as a group of noble metal-contained catalysts (Fig.
6.4d, Table 6.4), such as Ni-MoN (276 mV, 98 mV dec™!) (Zhu et al., 2018b),
Fe-doped B-Ni(OH): (219 mV, 53 mV dec!) (Kou et al., 2019), Fe-Mn-O NSs
(273 mV, 63.9 mV dec!) (Teng et al., 2018), and It/Ni(OH): (224 mV, 41 mV
dec!) (Zhao et al., 2020a).

Table 6.3. A summary of the OER properties of FNCSB-4 and the recently

documented waste-derived OER catalysts.

Waste Catalyst n (mV) Reference
Adv. Energy
Scrap copper
NiCoP/SCW Mo =220 Mater. 2018, 8,
wires
1802615.
Nat. Sustain. 2020,
Biomass wastes F-(1-5)/NF 1750 =293
3, 556-563.
Spent eggshell Nanoscale 2015, 7,
ESM/CNT/NiCo0204 1o = 420
membranes 14378-14384.
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Scrap stainless

steel wires

Spent Zn-C

batteries

Spent Li-ions

batteries

Waste carrots

Biomass wastes

Spent steel powder

Biomass wastes

Diaper wastes

Cotton textile

wastes

Purchased Fe

foam*

Spent tea leaves

WPCBs

SSW Rs-12 h

Mn304

Niop.sMno3C00.2(OH)2

PC-Nig .75

BRCAac8502

HSSP

N-PC@Ni

NiO@CFs

Fe304/NiS@CC

NiFe(OH)/FF

Co@PC-8

FNCSB-4
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Adv. Energy

Moo = 257 Mater. 2020, 10,
1904020.
ChemElectroChem
1o =360 2020, 7, 2073-
2080.
J. Clean. Prod.
110 =280
2019, 236, 117576.
Electrochim. Acta
1710 =368
2019, 314, 49-60.
ACS Sustainable
o0 =450 Chem. Eng. 2019,
7, 17039-17046.
Electrochim. Acta
mo = 359
2021, 371, 137848.
Nanomaterials
mo=2314
2020, 10, 76.
Fuel 2021, 294,
1o =280
120558.
J. Mater. Sci.
mo =310 Technol. 2020, 59,
92-99.
Small 2020, 16,
173869 = 300
2000663.
Green Chem.
mo =327 2020, 22, 6967-
6980.
no =199
This study

20 =205



oo = 251

na00 = 301

* The Fe foam reported in this study is directly purchased from a company,

and actually it is not a kind of waste.

Table 6.4. A summary of the OER properties of the recently documented TM-

based nanocatalysts, as well as a group of noble metal catalysts.

Tafel slope
Catalyst Mo (mV) Reference
(mV dec™)
NCNTFs 370 93 Nat. Energy 2016, 1, 15006.
Angew. Chem. Int. Ed. 2018,57,
Mn3N; 270 101
698.
w-Ni(OH)» 237 83 Nat. Commun. 2019, 10, 1-10.
HG-NiFe 313 39 Sci. Adv., 2018, 4, eaap7970.
Ni-NHGF 330 63 Nat. Catal. 2018, 1, 63.
Adv. Energy Mater. 2018, 8,
Ni-MoN 276 98
1802327.
SINiNx-PC/EG 280 45 Nat. Commun. 2019, 10, 1392.
Adv. Funct. Mater. 2018, 28,
Fe-Mn-O NSs 273 63.9
1802463.
Co0304/Co-Fe oxide 297 61 Adv. Mater. 2018, 30, 1801211.
Adv. Funct. Mater. 2018, 28,
Nip.cCo1 4P 300 80
1706008.
CosN@NC 257 58 ACS Energy Lett. 2020, 5, 692.
J. Am. Chem. Soc. 2016, 138,
CosN/CNW/CC 310 81
10226.
NiFe LDH NSA 269 48.3 Nat. Commun. 2018, 9, 2609.
Adv. Energy Mater. 2020, 10,
Co0.5(Vo.5) 282 56

1903571
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FeOOH(Se)/IF

F-CoOOH/NF

Co@N-
CS/NHCP@CC
3D Co(OH)F

Fe-Co-P-O NBs

SCFP-NF
Nio.7sMno 25

nanosheets

Fe/Fe;C-MC

Fe—Co—-O/Co@NC-
mNS/NF
NH4CoPOH -0
Fe-doped B-
Ni(OH)2
Co304-Ag@B

NiFeMn-LDH

CoFeZr oxides

Lao.33SrCoo.5Feo 50«

Ir-NiO

a-RuTe; PNRs
Ir/Ni(OH).

287

270

248

313

268

310

297

320

257

252

219

270

262

248

240

215

285
224
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7005-7013.
Angew. Chem. Int. Ed. 2018,
> 57, 15471.
Adv. Energy Mater. 2019,
o8 1803918.
52.8 Adv. Mater. 2017, 29, 1700286.
Energy Environ. Sci. 2019, 12,
> 3348.
55 Adv. Mater. 2018, 30, 1804333.
91 ACS Energy Lett. 2018, 3, 2150.
Angew. Chem. Int. Ed. 2021, 60),
! 2120.
41.56 Small 2021, 2101312.
57 Adv. Sci. 2021, 2100498.
53 ACS Energy Lett. 2019, 4, 622.
62 Appl. Catal. B. 2021, 120529.
Energy Environ. Sci. 2017, 10,
Y 121-128.
54.2 Adv. Mater. 2019, 1901439.
Appl. Catal. B. 2021, 297,
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J. Am. Chem. Soc. 2018, 140,
Au/NiFe LDH 237 36
3876-3879.

FNCSB-4 199 53.98 This study

EIS analyses provide more information on the electrocatalytic kinetic
characteristics of catalysts. The Nyquist plots are depicted in Fig. 6.5a and
analyzed to measure the R¢. As displayed in Table 6.5, FNCSBs exhibit similar
Re, which are much smaller than that of NF (177.1 Q), with FNCSB-4
possessing the smallest R¢¢ of 2.4 Q. These results confirm the efficient charge
transfer at the interface of FNCSB catalysts and electrolytes during the OER

process.

Table 6.5. Calculated charge transfer resistance (Rct) and solution resistance
(Rs) (in Ohm, Q) of the materials deposited on NF obtained from the Nyquist

plot during the EIS experiments.

Catalyst Rs Ret
FNCSB-1 1.112 4.939
FNCSB-2 1.191 5.147
FNCSB-3 1.268 3.628
FNCSB-4 1.325 2415

To evaluate the active site density of various catalysts, the Cq of FNCSBs
are determined by conducting CV measurements in a narrow potential range
(1.10 - 1.20 V vs. RHE) without redox process, with various scan rates. The
calculated Cqi of FNCSB-4 is 4.68 mF cm™, outperforming FNCSB-1 (2.94
mF cm2), FNCSB-2 (3.08 mF ¢cm2), and FNCSB-3 (3.13 mF cm2). Hence,
FNCSB-4 with the highest ECSA (117.0 cm?) can offer many more
electrochemically active sites for OER and enhance the catalytic performance
(Fig. 6.5b). To get a better understanding of the intrinsic catalytic activity of
per active site, the LSV curves were normalized with ECSA (jecsa). As
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illustrated in Fig. 6.5b, FNCSB-4 only takes an 77 of 317 mV to drive a ECSA
normalized j3, outperforming FNCSB-1 (337 mV), FNCSB-2 (336 mV), and
FNCSB-3 (325 mV). As aresult, both the large active surface area and the high
intrinsic catalytic activity benefit the OER performance of FNCSB-4.
Interestingly, there is a linear relationship between the 7 at the ECSA
normalized current density of 3 mA cm™ (773) and the (Fe + Ni) ratio (rre+ni)
in FNCSBs of all the FNCSBs (73 = -1.19 rrerni + 365.76 mV), revealing that
the ratio of (Fe + Ni) in the multimetal borides plays a critical role in
determining the intrinsic OER activity (Fig. 6.5¢). This finding benefits further

the design of high-performance OER catalysts via composition regulation.
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Figure 6.5. (a) Nyquist plots of FNCSBs and NF at 1.5 V vs. RHE, and the
inset shows an enlarged part of the Nyquist plots. (b) ECSA normalized LSV
curves for FNCSBs, and ECSA values of FNCSBs (inset). (c¢) Linear

relationship between the 7 at the ECSA normalized current density of 3 mA
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cm? and the (Fe + Ni) ratio in FNCSBs of all FNCSBs. (d)

Chronopotentiometry curve of FNCSB-4 at jio for 24 h.

Stability is a critical parameter to evaluate the practical value of OER
catalysts. Herein, the durability of FNCSB-4 toward OER was assessed by the
chronopotentiometry test at jio exhibits a negligible increase of 7 after 24 h
operating in alkaline solution, further confirming the long-term stability of
FNCSB-4 (Fig. 6.5d). Generally, the as-synthesized FNCSBs show excellent
OER performance under alkaline conditions, suggesting that the WPCBs
derived low-cost FNCSBs are enticing candidatures for anode catalysts in

industrial water splitting systems.
6.3.3. Elucidation of the structure-activity correlations

Transition metal-based catalysts (e.g., sulfides, alloys, phosphides) will
undergo surface reconstruction during the OER process, and the in situ
generated metal (oxy)hydroxides (e.g., FFOOH, NiOOH) act as the real active
sites (Hausmann et al., 2020; Li et al., 2020b; Li et al., 2019c; Sivanantham et
al., 2020). In this study, to understand the structural evolution dynamics during
the catalytic process and uncover the nature of the active species' structure-
activity relationship, the post-CA FNCSB-4 was thoroughly characterized via

microscopic, spectroscopic, and analytical techniques.

Unlike the as-prepared catalyst, TEM images tell that the morphology of
FNCSB-4 undergoes profound variation during the OER process. It is clear
that part of the aggregated nanocolumn-like particles on FNCSB-4 has been
converted into cross-link nanofilm analogues during the OER test, and the thin
nanosheets are composed of a reduced number of layers that are loosely
overlapping with each other (Fig. 6.6a). The HRTEM image exhibits a hybrid
amorphous/crystalline structure (Fig. 6.6b). Many lattice fringes are markedly

presented, signifying the generation of stable species during the OER process.
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The surface composition of FNCSB-4 after the OER process was further
monitored by XPS. In the spectrum of Ni 2p (Fig. 6.6¢c), the peaks belonging
to Ni’ are absent, while the peaks assigned to Ni** and Ni** (855.9 and 873.9
eV) (Qin et al., 2019) maintain during the OER stability test, implying the
generation of nickel (oxy)hydroxide. Significantly different from the Fe 2p
spectrum before OER, signals attribute to Fe’/Fe** are substituted by the
trivalent Fe** (Fig. 6.6d), and two peaks located at 711.1 and 724.2 eV owing
to the FeOOH phase (Liu et al., 2020; Zhong et al., 2016). Similarly, the peaks

¥I* are absent in the spectrum of Cu 2p, while two peaks at 933.2

assigned to Cu
and 953.1 eV can be assigned to Cu®" (Fig. 6.6¢), implying the generation of
Cu(OH), on the catalyst surface. Combined with the XPS results and the
HRTEM images, the abundant lattice fringes in Fig. 6.6b can be indexed to
metal (oxy)hydroxides FeOOH, NiOOH/Ni(OH),, and Cu(OH), (Zhang et al.,
2019b; Zhang et al., 2019d). In the O 1s spectrum (Fig. 6.6f), the lattice oxygen
species of the post-OER catalyst increase considerably than the as-prepared
catalyst, which further verifies the formation of metal oxyhydroxides on the
catalyst surface. Interestingly, the spectra of B and Sn exhibit noticeable
different features. The signals of B and Sn elements almost disappeared in the
post-OER spectra of FNCSB-4 (Fig. 6g-h), indicating that the surface of
FNCSB-4 evolved into polyphase high-valent metal (oxy)hydroxides, which

act as the catalytic active phase for OER (Zhang et al., 2020b).
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Figure 6.6. Post-OER characterizations of FNCSB-4. (a) TEM and (b)
HRTEM images of FNCSB-4 after the OER test. High-resolution XPS scans
in the (c) Ni 2p, (d) Fe 2p, (e) Cu 2p, (f) O 1s, (g) Bls, and (h) Sn 3d regions
of FNCSB-4 before and after the OER stability test.

The variation in the chemical composition of FNCSB-4 was also explored
to verify the surface evolution during the OER test. Hereby, B and Sn on the
catalyst surface are continuously dissolved into the electrolyte during the 12 h
OER stability test, suggested by the ICP-MS measurement (Fig. 6.7a). The
prominent etching of B and Sn results in abundant vacancies and regulated
surface electron properties. This process not only enhances the charge/mass
transfer and accelerates the surface self-reconstruction during the OER process,
but also benefits the OER via assisting the adsorption of reaction intermediates

on the catalyst surface.
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The electrochemical properties of post-OER FNCSB-4 were also studied,
and the results are presented in Fig. 6.7b-c. The LSV curves of FNCSB-4
before CV activation, FNCSB-4 after 20 CV cycles, and FNCSB-4 after the
stability OER test provide some interesting information. First, the OER activity
of FNCSB-4 can be significantly enhanced during the 20 CV cycles, and the
mo decreased from 257 mV to 199 mV. This activation process mainly refers
to the oxidation of surface metal borides species. Second, the OER activity of
FNCSB-4 is further improved under the long-term OER test, which is in line
with the chronoamperometric i-t curve in Fig. 6.5d. As discussed above, the
morphology/nanostructure of FNCSB-4 evolved from nanoparticles to
nanosheets during the OER test, resulting in higher surface area and populated
active sites. With this in mind, the OER activity enhancement during the
durability test can be ascribed to the gradual generation of metal
(oxy)hydroxides, and the increased catalytical active sites. The latter one is
also verified via the ECSA results, as the ECSA value increased by 1.25 times
during the OER test. Such a favourable increment implies the expansion of the
electrochemical surface area, with the aid of morphology evolution and B/Sn

etching during the OER process.

Last but not least, the amorphous feature of FNCSB-4 also benefits the
surface reconstruction during OER. The abundant under coordinative and
unsaturated sites/crystal defects in amorphous FNCSB-4 trigger anions'
dissolution since electrochemical etching preferentially occurs at the crystal
defects (Song et al., 2016), which will accelerate the surface self-
reconstruction of active sites. Also, the rich unsaturated sites can help the
adsorption/desorption of intermediates during the OER process and promote

the overall OER process (Anantharaj and Noda, 2019; Chen et al., 2020d).

In general, the excellent OER activity of FNCSB-4 is chiefly due to the

accelerated surface self-reconstruction by B/Sn etching, efficient mass/charge
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transfer, and multiple active sites (Ni/Fe/Cu (oxy)hydroxides), as well as the

hierarchical structure and amorphous feature, as schematized in Fig. 6.7d.
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Figure 6.7. Surface evolution process of FNCSB-4 during OER. (a) B and Sn
leaching in electrolytes during the 12 h OER test. (b) LSV curves of pristine
FNCSB-4, CV activated FNCSB-4, and post-OER FNCSB-4 in 1.0 M KOH.
(c) Difference in current density (Aj = (ja - jc)/2) plots against scan rate of
FNCSB-4 before and after OER test, and the inset shows the ECSA values. (d)
Ilustration of the proposed surface evolution process and the mechanism for

the enhanced OER activity of FNCSB-4.

6.4.Conclusions

In conclusion, we have developed a facile and efficient boriding strategy
to directly convert the leachates of waste printed circuit boards (WPCBs) into
magnetic mixed metal borides (FeNiCuSnBs) for OER for the first time. Fe,
Ni, Cu, and Sn were efficiently recovered via the boriding reduction and
magnetic separation process, with a metal cation recovery rate of 99.78%,
99.98%, 99.96%, and 99.49%, respectively. The optimized sample exhibit

excellent catalytic performance for OER (7710 = 199 mV), outperforming the
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most recently reported catalysts and all waste-derived OER catalysts. In-depth
mechanism analyses suggest that the multimetal borides undergo surface
reconstruction induced by B/Sn etching, and the in situ generated multimetal
(oxy)hydroxides act as the active species to facilitate O, evolution. In addition,
the efficient mass/charge transfer, the amorphous feature, and the hierarchical
structure also contribute to superior electrocatalytic performance. This study
gains an insight into the correlation between surface self-reconstruction and
OER catalytic activity of multimetal boride-based catalysts. In addition, the
boriding strategy reported here can be further applied to the efficient recycling
and advanced energy-driven applications of valuable metals from other e-

wastes for achieving a sustainable energy future.
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CHAPTER 7
Recycling spent water treatment
adsorbents for efficient
electrocatalytic water oxidation

reaction

This chapter has been derived from the published paper of Resources,

Conservation & Recycling, 2022, 178, 106037.
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7.1.Introduction

Heavy metal contaminated wastewater is one of the most critical
environmental concerns because of its effects on public health and the
ecosystem (Ji et al., 2021; Luo et al., 2021). Various techniques have been
employed to control heavy metal pollutants in water, such as chemical
precipitation, filtration, electrodeposition, neutralization, reverse osmosis, and
adsorption (Xiong et al., 2021; Zou et al., 2021; Zuo et al., 2021). Among all
these strategies, adsorption is an efficient and widely used one to remove and
collect heavy metals ions from industrial wastewater (Chai et al., 2021; Luo et
al., 2019; Ni et al., 2019a). Excellent adsorbents have been developed and
shown good adsorption performance toward heavy metals adsorption, such as
graphene, biochar, and metal oxides (Hao et al., 2019a; Huang et al., 2020).
Among them, biochar derived from carbonization of different biomass has
attracted enormous interest due to its low cost, conductive porous structure,
large surface area, and tunable nanostructure (Alam et al., 2018; Chai et al.,
2021). With the applications of the adsorption process, a large quantity of spent
adsorbents also occurs in the industry (Singh and Singhal, 2013). After their
end-use, the disposal of these massive waste adsorbents is a critical solid waste
issue (Chai et al., 2021). In most cases, they have been incinerated or landfilled,
and these practices exacerbate the solid waste treatment problem and are not
facile in achieving the goal of carbon neutrality (He et al., 2018a; Vakili et al.,
2019). In this respect, it is of great environmental significance and economic
interest to reutilize these spent carbon-based adsorbents via a resource
utilization strategy(Oldham et al., 2021; Sundriyal et al., 2021), for instance,
converting them into valuable electroactive materials to achieve the industrial

ecology philosophy.

With environmental issues apart, transition metals (TM, e.g., Cu, Ni, Co,

Mn, and Fe) have gained growing attention in designing cost-effective
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catalysts for emerging energy-related OER which plays a critical role in
developing green hydrogen energy via water splitting (Suen et al., 2017; Yang
etal., 2021; Zhou et al., 2021). Until now, a key issue in advancing sustainable
hydrogen energy is the development of low-cost and efficient OER catalysts
(Li et al., 2021; Wan et al., 2021). Recently, amorphous 3d TMBs have
received much attention due to their remarkable electrochemical activity,
flexible electronic properties, and earth abundance (Chunduri et al., 2019;
Gupta et al, 2019b). To improve TMBs' electrocatalytic performance,
anchoring electroactive nanoparticles onto porous substrates (e.g., carbon
materials) with a large surface area is an advisable strategy because the porous
scaffolds can limit the aggregation of boride nanoparticles and facilitate
electrolyte diffusion during the electrochemical reaction (Mao et al., 2020). To
this end, integrating metal borides with porous substrates to construct
heterostructured electrocatalysts directly from industrial wastes (e.g., spent
carbon-based adsorbents) would be of great environmental and economic

significance.

Inspired by the "waste-to-wealth" principle on industrial ecology, for the
first time, we developed a facile strategy to directly convert the multiple metal
ions contaminated biochar adsorbents into heterostructured electrocatalysts.
Via this one-step boriding strategy, the converted spent biochar adsorbent
shows high efficiency in electrocatalytic OER. With a low manufacturing cost,
the optimized heterostructured catalyst exhibits excellent OER performance
(rmo = 251 mV). Furthermore, comprehensive analyses suggest the high
catalytic efficiency mainly attributed to the porous biochar confined well-
dispersed nano-sized metallic borides. The boriding method developed in this
report can not only be applied to regenerate efficient catalysts from biochar-
based spent carbon-based adsorbents, but can be further broadened to other

types of spent heavy metal removal products, like membranes, metal
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oxides/sulfides absorbents, metal-organic frameworks, and polymeric

nanocomposites, for other types of advanced applications.

7.2.Experimental section

7.2.1. Conversion of spent adsorbents to electrocatalysts
Preparation of biochar

The biochar was prepared from waste rice husk by a facile pyrolysis
process. In a typical process, the waste rice husk collected from a rice
processing plant in Guangdong, China was firstly air-dried and pulverized.
Then, the obtained powders were soaked in the 3 M ZnCl; solution for 12 h,
dried at 105 °C, and placed in a tube furnace. Nitrogen gas was introduced into
the tube furnace for 20 min to ensure an inert atmosphere. After that, the
pretreated waste rice husk was calcined at 600 °C under the pure nitrogen gas
condition for a period of 2 h. Then, the collected sample was oxidized by a
mixture of concentrated HNO3; and H2SO4 (1:3 (v/v)) for 6 h at 80 °C. The acid
treatment was used to oxidize the biochar, in order to improve its adsorption
performance. Apart from acid treatment, alkali treatment, coating with
carbonaceous materials, oxidizing-agents modification, metal salts or metal
oxides modification are also widely employed to enhance the adsorption
capacity of biochar. Subsequently, the resulting biochar was washed with DI

water and dried in a vacuum oven, and then it was sealed and stored.
Heavy metal adsorption experiments

As the adsorption process in practical wastewater treatment plants
typically applies adsorbents in a continuous mode (Rosales et al., 2017; Zhao
etal., 2021; Zheng et al., 2019). A fixed-bed column packed with biochar was
employed to conduct the adsorption tests in this study to simulate the industrial

process. Typically, a certain amount of biochar was packed as an interlayer in
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the homemade acrylic column with an internal diameter of 16 mm and a height
of 100 mm. The two sides of the columns were filled with acid-cleaned high-
purity quartz sands as supports. Two kinds of wastewater collected from
Jiangxi, China, were used as the influent in this study, and the properties of
industrial wastewater are listed in Table 7.1. Before using, the pH value of
wastewater was regulated to 5-6 by 0.1 M HCl and 0.1 M NaOH solution. Then,
the influent was continuously fed into the column in the bottom-to-top mode
with a rate of 5 mL min'. In this study, to ensure sufficient adsorption of metal
ions onto biochar, the adsorption process was running for 2 h. After the

adsorption test, the used biochar was taken out for further use.

Table 7.1. Characters of industrial wastewater.

Property Sample 1 Sample 2
pH 1 0.5
TOC* 0.26 mg L™ 0.5l mg L
Cu** 317.26 mg L™ 234.15mg L!
Ni%* 759.25 mg L™! 631.65mg L'
Fe** - 476.48 mg L!

*TOC: Total organic carbon.

Conversion of waste adsorbents to catalysts

A facile boriding process realized the conversion of waste adsorbents to
electrocatalysts. First, the waste adsorbents were placed in an empty container,
and a freshly excessive NaBH4 solution was dipped into the container by a
syringe with vigorous magnetic stirring. After the reaction, a small amount of
the reaction solution was collected to measure the concentration of metals, and
the as-formed black particles were collected with magnets and washed with
ethanol and DI water. Lastly, the samples were dried in a vacuum oven at 50 °C
for 24 h.
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The whole process is shown in Fig. 7.1.

gNaBHA
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Waste rice husk Biochar Spent adsorbents Heterostructured catalysts

Figure 7.1. Schematic of the design of heterostructured OER electrocatalysts

from spent biochar adsorbents.

7.2.2. Physical and chemical characterization

Methods for XRD, SEM, TEM, XPS, and ICP-MS measurements are

described in Chapter 4, Section 4.2.2.

To investigate the surface chemistry of the biochar, FTIR was tested on a
Bruker V80 machine at room temperature. The surface area and porosity of the
biochar were obtained with a physical adsorption apparatus (ASAP2460), and
the elemental analysis of the biochar was performed with a Thermo Scientific
Flash 2000 Organic Elemental Analyzer, and the total organic carbon (TOC)
of wastewater was tested with a TOC analyzer (Shimadzu). The magnetic
properties of the sample were studied by a vibrating sample magnetometer

(LakeShore 7404).

7.2.3. Electrochemical tests

Methods for electrochemical measurements are described in Chapter 4,

Section 4.2.3.

7.3.Results and discussion
7.3.1. Conversion of spent adsorbents into borides/SA
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Generally, spent adsorbents are incinerated or landfilled (Fig. 7.2a) and
are turned into metal-laden solid wastes(He et al., 2018a; Vakili et al., 2019),
which would exacerbate the solid waste treatment problem. In this study, our
approach to convert spent biochar-based adsorbents (SA) into heterostructured
catalysts is realized via a facile boriding strategy, as demonstrated in Fig. 7.2b.
Specifically, a certain amount of metal ions-laden biochar was first placed in a
three-necked flask, and freshly prepared excessive sodium borohydride
solution was then dipped into the vessel using a syringe under vigorous stirring.
After the reaction, the products were collected with magnets, then subjected to
be washed and dried (see Experimental Section for details). The metal cations
on the SA can be unselectively reduced within several minutes via the
following chemical equations(Arivu et al., 2018). For the Ni**and Cu*" laden
SA: 2 Ni** + 2 Cu** + 8 BH4™ + 18 H,O — 2 NiCuB + 9 H, + 6 B(OH);3; for
the Fe**, Ni** and Cu** laden SA: Fe** + Ni** + Cu®" + 7 BHs + 18 H,0 —
FeNiCuB + 9 H; + 6 B(OH)s. It is worth noting that the generated metal
boride/biochar heterostructures can be easily separated by a magnet (Fig. 7.3a),
and the magnetic properties of NiCuFeB/SA were further investigated with a
vibrating sample magnetometer. The magnetic hysteresis loop diagram of
NiCuFeB/SA is shown in Fig. 7.3b, and its saturation magnetization is
14.11 emu g '. Hence, under the magnetic field, NiCuFeB/SA aggregates can
be easily separated from the reaction solution, which could further facile the

large-scale separation process.
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Figure 7.2. (a) Industrial process of spent adsorbents treatment. (b) General
strategy of converting biochar based heavy metal contaminated spent
adsorbents into OER electrocatalysts, and the multiple merits of multimetal

borides/SA as electrocatalysts for OER.

Evaluating the conversion efficiency of SA to electrocatalysts is of great
significance. In this study, the conversion efficiency is defined as the ratio of
metal in obtained metal boride/biochar particles to the adsorbed metal by the
biochar adsorbent, which was further calculated via calculating the metal
concentrations in the reaction solution after the boriding process. As shown in
Fig. 7.3c, the conversion efficiencies of Ni, Cu, and Fe reach 99.98%, 100.00%,
and 99.99%, respectively, in the NiCuFeB/SA reaction system. To check the
universal feature of the proposed eco-design principle, another catalyst
(NiCuB/SA) based on the spent biochar was prepared by the same procedures,
from a different wastewater precursor. Similarly, in the NiCuB/SA reaction
system, the conversion efficiencies of Ni and Cu reach 100.00% and 99.99%,

respectively. Therefore, it can be seen that all of the adsorbed metal ions on
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the spent adsorbent have been totally converted into metal borides via the facile
boriding process. In addition, the metal contents in NiCuFeB/SA and
NiCuB/SA were further studied via ICP-MS. Compared with NiCuB/SA
(Nis1.1Cu423Be.6/SA), NiCuFeB/SA (NissCuiseFesn.1Bs7/SA) contains a
higher summation of 75.7 % Ni and Fe concentration, which might contribute

to better OER performance.
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Figure 7.3. (a) An image of magnetic separation of metal boride/biochar
heterostructures from reaction solution. (b) conversion efficiency of

NiCuB/SA and NiCuFeB/SA reaction system.

Compared with the traditional industrial spent adsorbent treatment
process (e.g., landfill, incineration), the direct conversion of spent adsorbents
into highly efficient electrocatalysts could significantly avoid the loss of

critical metals, minimize the negative environmental impact, and significantly
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reduce the tremendous energy, economic and environmental costs for catalyst

preparation.

7.3.2. Characterizations of synthesized borides/SA

The morphology and nanostructure of NiCuFeB/SA were first examined
with TEM. The boride nanoparticles, with the particle size varies within the
range of 30-50 nm, mainly gather at the pore and edge of biochar. The reason
could be ascribed to that metal ions are more likely to react with the
nitrogen/oxygen-containing groups at the surface of biochar. The adsorption
mechanism of metal ions on biochar was further investigated via XPS. As
shown in Fig. 7.4, peaks of C 1s, O 1s, N 1s, Ni 2p, Fe 2p, and Cu 2p appeared
in biochar after adsorption, indicating the successful adsorption of metal ions
onto biochar. Compared with the pre-adsorption biochar, the N 1s spectrum
shows a new peak at 402.2 eV, which should be assigned to the NH»>-C in the
coordination form, which confirms the fixation of metal ions onto the biochar.
In addition, two specific peaks shifted to the lower binding energy after metal
ions sorption, which is likely because the nitrogen atoms share electrons with
metals, thereby reducing the electron densities of the nitrogen atoms(Yang and
Jiang, 2014). Moreover, the C=0O-N/C=0-C groups (532.8 eV) in the O 1s
spectrum of the post-adsorption biochar show a significant shift, which should
be chemical adsorption between metal ions and oxygen-containing
groups(Chen et al., 2021a). No significant changes were observed in the C 1s
spectra before and after the adsorption process. Therefore, the metal ions
mainly react with the oxygen and nitrogen-containing groups of SA during the

adsorption process.
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Figure 7.4. XPS spectra of (a) C 1s, (b) N1s and (c) O 1s for biochar before
and after metal ions adsorption, (d) Fe 2p, (e) Ni 2p, and (f) Cu 2p spectra for

post-adsorption biochar.

The N; adsorption-desorption experiment suggests that the spent biochar
shows a surface area of 57.57 m? g'! (Langmuir specific surface area) with
abundant mesopores (Fig. 7.5), which would benefit the reactant diffusion and
accelerate the catalytic process. Moreover, the pore confinement effect of
biochar also facilitates the formation of small size and well-dispersed metal
boride nanoparticles. Accordingly, the biochar could be an ideal nanoreactor
for the synthesis of metal nanocatalysts, with the following merits: 1) the
biochar surface with rich oxygen-containing groups and the pore confinement
effect could reinforce the interaction between biochar and metal ions for better
control the growth of metal boride nanoparticles during the following boriding
process; 2) the porous structures with the large surface area ensures abundant
electroactive sites for the catalytic reaction, facilitate the penetration and
diffusion of electrolytes, and promote the transportation of produced oxygen

gas during the OER process.
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Figure 7.6. Microscopic characterization of the as-converted NiCuFeB/SA. (a)
TEM image. (b) HRTEM image, and the inset is the corresponding SAED

pattern. (¢) EDS mapping.

The nanostructure of NiCuFeB/SA is further analyzed with the TEM and

HRTEM. As depicted in Fig. 7.6a-b, a clear observation at the edge of the metal
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boride nanoparticles shows an extension of the amorphous layer which might
be ascribed to a metal borate/oxide layer on boride particles (Nsanzimana et
al., 2018b). In addition, the SAED pattern (inset of Fig. 7.6b) indicates a low
crystalline, pseudo-amorphous structure of NiCuFeB/SA because only a few
broad distinct diffraction rings are observed. The biochar can enhance the
electron conductivity within the electrode and the penetration and diffusion of
electrolytes could also be accelerated by the as-observed rich nanopores within
biochar (Fig. 7.6¢) (Wei et al., 2019), which can further enhance the catalysis
process. The EDS mapping analysis indicates the existence of B, Fe, C, N, Ni,
O, and Cu elements in NiCuFeB/SA (Fig. 7.6d), and the evenly distributed C,
N, and O elements suggests N, O co-doped in the porous carbon structure. The
elemental analysis further supports this result. As shown in Table 7.2, the
biochar mainly contains C, O, N, and H, as well as a small amount of S.
Furthermore, it is clear that the surface oxidized boride particles (NiCuFeBO)
are well isolated on large biochar, and the high dispersion of boride
nanoparticles facilitates the exposure of rich catalytically active sites. In
addition, the presence of oxygen in metal borides is mainly because of the
unpreventable oxidation when borides are exposed to water/air (Masa et al.,

2017), verifying the TEM results.

Table 7.2. Elemental composition of the biochar.

Element C O N H S

Content (%) 51.18 39.29 5.46 3.98 0.09
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Figure 7.7. (a) XRD patterns of NiCuFeB/SA, NiCuB/SA, and SA. XPS
spectra of NiCuFeB/SA: (b) survey (¢) B 1s, (d) C 1s, (e) N 1s, (f) O 1s, (g) Ni
2p, (h) Fe 2p, and (1) Cu 2p.

Moreover, the crystal structure of NiCuFeB/SA was further characterized
with XRD. For SA, there are no crystalline peaks, and only a broad hump in
20 range of 20 - 30° is observed, suggesting the amorphous feature of the as-
obtained biochar (Fig. 7.7a). Similarly, NiCuFeB/SA and NiCuB/SA
diffraction patterns also show an amorphous phase feature consistent with the
TEM image observation results. XPS was further employed to probe the
surface chemical states on NiCuFeB/SA. In the survey spectra of NiCuFeB/SA,
the existence of B, C, N, O, Ni, Fe, and Cu elements is confirmed (Fig. 7.7b).
In the spectrum of B s, two peaks at 187.9 and 192.0 eV are observed, which
can be ascribed to metalloid boron and oxidized boron, respectively(Fig. 7.7¢).
It can be found that the metalloid B in NiCuFeB/SA shows higher binding

energy than that of pure B element (187.0 eV), suggesting B atoms in
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NiCuFeB/SA can donate electrons to metals (Chen et al., 2021c; Masa et al.,
2019). Therefore, the presence of B can regulate the electronic structures of
metals in NiCuFeB/SA. In Fig. 7.7d, the C 1s spectrum shows three peaks at
284.8, 285.6, and 288.4 eV, which can be attributed to C-C, C-N/C-O, and
C=0, separately (Bano et al., 2018; Wang et al., 2017a). The N 1s spectrum of
NiCuFeB/SA can be attributed to pyridinic N (398.7 eV), pyrrolic N (399.8
eV), and oxidized N (403.1 eV) (Fig. 7.7¢). Figure 7.7f shows that
NiCuFeB/SA shows three peaks at 530.6, 531.2, and 532.8 eV in the O 1s
spectrum, which contribute to the binding energies of hydroxyl groups (-OH),
0O-C, and C=0-N/C=0-C, separately. The rich oxygen-containing groups
(C=0, C-0O, and C-OH) can regulate the adsorption of water and oxygenated
intermediates on NiCuFeB/SA, resulting in enhanced electrocatalytic
performance. The formation of N, O co-doped carbon is also verified by the
FTIR spectrum of SA, as depicted in Fig. 7.8. The Ni 2p spectrum is resolved
into five peaks in Fig. 7.7g. Two lower binding energies at 855.4 and 873.3 eV
can be indexed to Ni** 2ps2 and Ni** 2p1,» with two satellite peaks at 860.8 and
880.1 eV, respectively. Additionally, the peak with a lower binding energy of
852.1 eV can be ascribed to Ni’, indicating the generation of Ni-B in
NiCuFeB/SA. In Fig. 7.7h, the peak located at 706.3 eV is indexed to Fe” in
Fe-B, and the other two spin-orbit doublets are derived from Fe*" (711.6 and
724.7 V) and Fe?* (709.7 and 722.8 eV). The presence of oxidized Fe species
is because of the surface oxidation of iron borides (Li et al., 2019d). There are
two peaks in the Cu 2p core-line spectrum (Fig. 7.71). The binding energy at
932.2 eV can be indexed to the Cu 2p3/2 of metallic Cu or Cu”, and the higher
binding energy at 951.8 eV is assigned to Cu”'* 2pi» (Ling et al., 2018).
Overall, the XPS results confirm the N and O functionalized carbon and the
surface oxidized metal borides, and the oxygen-containing group-rich surface

would promote the OER process.
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Figure 7.8. FTIR spectrum of SA.

7.3.3. Electrochemical properties of borides/SA
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Figure 7.9. OER performance of catalysts. (a) LSV curves and (b) Tafel plots
of the catalysts in 1.0 M KOH. (¢) Comparison of 7100, 7710, and Tafel slopes
of NiCuB/SA, NiCuFeB/SA, and the RuO; catalyst. (d) LSV curves real
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NiCuFeB/SA. (e) OER activity comparison graph showing the Tafel slope with
mo for NiCuFeB/SA and reported the state-of-the-art TM-based

electrocatalysts, as well as biochar-based heterostructured catalysts.
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The OER performance of as-designed catalysts was tested in alkaline
solution (1.0 M KOH, pH = 13.6) with a typical three-electrode configuration.
For direct comparison, OER performance of bare SA, NF, and the commercial
RuO; catalyst were also measured. The # was calculated through # (V) = Erur
- 1.23 V, and a lower # means a higher OER activity. As shown by the LSV
polarization curves in Fig. 7.9a, both bare NF and SA exhibit negligible OER
activity, while the RuO; catalyst shows an OER activity with an # of 253 mV
to drive the benchmark jio (7710 = 253 mV). The noticeable oxidation peaks
located at 1.3 - 1.4 V vs. RHE stem from the electrooxidation of Ni species in
the NF substrate and the metal borides (Wu et al., 2019b). In remarkable
contrast, the spent adsorbent-derived heterostructured catalysts (NiCuB/SA
and NiCuFeB/SA) demonstrate significantly improved OER activity,
especially at high current densities. Typically, NiCuFeB/SA exhibits the best
catalytic activity (77100 = 325 mV), surpassing the NiCuB/SA (390 mV) and the
RuO; catalyst (511 mV). The electrochemical kinetics is further analyzed via
the Tafel plots derived from the LSV curves. Compared with NF (196.57 mV
dec™), SA (191.96 mV dec™!), RuO, (181.44 mV dec "), and NiCuB/SA (90.87
mV dec '), NiCuFeB/SA exhibits the significantly accelerated OER kinetics
with the smallest Tafel slope of 71.75 mV dec™! (Fig. 7.9b). As depicted in Fig.
7.9¢c, the lowest # and Tafel slope hint that NiCuFeB/SA is the most
thermodynamically and kinetically favourable electrocatalyst among the
studied materials. It is worth noting that NiCuFeB/SA shows much better OER
activities than NiCuB/SA, suggesting that the presence of Fe enhances the
catalytic performance. Such results are in line with previous studies (Feng et
al., 2020; Han et al., 2016). Given the importance of chemical components on
OER performance of catalysts, the OER performance of boride/SA could be
further optimized by regulating metal concentrations in the original wastewater.
Since the actual wastewater is complex, and the observed good electrocatalytic
performance of NiCuFeB/SA may also come from other substances in the

wastewater. To identify the real active components in the obtained catalysts,
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simulated wastewater containing Ni, Cu, Fe metals, and the metal
concentrations are the same as the real wastewater Sample 2 (Table 7.1) was
prepared. The simulated wastewater-based NiCuFeB/SA was synthesized and
its OER performance was tested. As shown in Fig. 7.9d, the simulated
wastewater-based NiCuFeB/SA shows a similar OER activity to that of the real
wastewater-based NiCuFeB/SA as the LSV curves are almost coincident in the
OER region. Hence, it can be seen that the high OER performance of
NiCuFeB/SA derives from the Ni, Cu, and Fe. Additionally, NiCuFeB/SA
exhibits comparable OER activities (7710, Tafel slope) to most of the recently
reported TM-based catalysts, as well as a group of biochar-bearing
heterostructured catalysts (Fig. 7.9e, Table 7.3), such as O-CNT/NiFe (279 mV,
42.8 mV dec ') (Lin et al., 2020), IrO,@SL-NiFe LDHs (274 mV, 59 mV dec”
1) (Li et al., 2020a), FeSe/NC-PoFeSe (330 mV, 76 mV dec ') (Wang et al.,
2018a), and IrCo@HPCS (340 mV, 111 mV dec!) (Shen et al., 2019).

Table 7.3. A summary of the recently documented TM-based and biochar-

bearing OER catalysts.

mo  Tafel slope
Catalyst Reference
(mV) (mV dec!)

Adv. Funct. Mater. 2018,

Nio.6Co1.4P 300 80
28, 1706008.
Angew. Chem. Int. Ed.
Mn;3N> 270 101
2018,57, 698.
ACS Energy Lett. 2018,
Nio.7sMno .25 nanosheets 297 91
3, 2150.
Energy Environ. Sci.
NiFeMn-LDH 262 47
2017, 10, 121—128.
Angew. Chem. Int. Ed.
MnGas/NF 293 98

2019, 58, 16569.
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Ru-RuPx-CoxP

Co@NC-600

Ni-MoN

CosN/CNW/CC

Coo5(Vo.s)

NiFe-LDH/FeSoy-CNSs-A

Fe-NSDC

IrCo@HPCS

NiFeOx/NP-C-800

NiCuFeB/SA

291

372

276

310

282

300

410

340

320

251

85.4

62.5

98

81

56

45

59

111

59.03

71.75

Nano Energy, 2018, 53,
270-276.

Adv. Energy Mater.
2018, 8, 1702838.
Adv. Energy Mater.2018,
8, 1802327.

J. Am. Chem. Soc. 2016,
138, 10226
Adv. Energy Mater.
2020, 10, 1903571.
Nano Res. 2020, 1-12.
Small 2019, 15,
1900307.

J. Mater. Chem. A 2019,
7(17), 10662-10671.
Energy Storage Mater.
2018, 11: 134-143.
This study
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Figure 7.10. (a) Nyquist plots of NiCuB/SA, NiCuFeB/SA, and NF at 1.5 V
vs. RHE, and the inset shows an enlarged part of the Nyquist plots. (b) The
difference in current density (Aj = (ja - jc)/2) plots against scan rate of as-
prepared catalysts. (c) LSV curves normalized with ECSA of NiCuB/SA,
NiCuFeB/SA, and NF, and the inset shows ECSA values. (d) LSV curves of
NiCuFeB/SA before and after the OER test, and the inset shows the

chronoamperometric curve of NiCuFeB/SA at 1.485 V vs. RHE.

The charge transfer characteristics of catalysts were further investigated
by EIS. The Nyquist plots in Fig. 7.10a were first fitted with an equivalent
circuit. Based on the fitting results (Table 7.4), all of the three samples (i.e.,
NiCuB/SA, NiCuFeB/SA, and NF) show similar R, which is ascribed to the
solution resistance. The kinetic performance of catalysts can be evaluated by
their R¢, where a lower Re¢ value represents faster charge transportation. The
R of bare NF (121.6 Q) is much larger than metal boride/SA heterostructures,
indicating a sludge OER process at the NF/electrolyte interface. Compared to
NiCuB/SA (15.5 Q), NiCuFeB/SA exhibits a lower R¢; (6.6 Q2), which may be
attributed to the strong electron-interaction after Fe adding. These results

confirm the high conductivity of metal borides and accelerated charge transfer
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at the electrolyte and NiCuFeB/SA electrode interface during the OER
process(Choi et al., 2020; Zhao et al., 2020c).

Table 7.4. Calculated charge transfer resistance (Rct) and solution resistance
(Rs) (in Ohm, Q) of the materials deposited on NF obtained from the Nyquist

plot during the EIS experiments.

Catalyst Rs Ret
NiCuB/SA 1.156 15.54
NiCuFeB/SA 1.132 6.615
NF 1.742 121.6

To measure the active site density of various catalysts, the Cq is obtained
via conducting CV tests with various scan rates. The calculated Cq of
NiCuFeB/SA is 4.85 mF cm 2, which is higher than those of NiCuB/SA (3.76
mF cm2) and NF (1.10 mF cm2) (Fig. 7.10b). Accordingly, NiCuFeB/SA with
the highest ECSA (121.25 cm?) can offer many more electrochemically active
sites for OER and enhance the catalytic performance (Fig. 7.10c). Towards a
deeper understanding of the intrinsic activity of each active site on the various
catalyst surface, the LSV current curves were normalized against ECSA (jecsa)
(Fig. 7.10c). The 5 required for NiCuFeB/SA to deliver an ECSA normalized
jos 1s 306 mV, outperforming NiCuB/SA (347 mV) and NF (467 mV).
Therefore, both the enlarged ECSA and the high intrinsic activity contribute to
the excellent OER performance of NiCuFeB/SA.

Apart from the catalytic activity, the structural stability of the waste-
derived catalyst was also tested via the CA measurement. Figure 7.10d shows
a slight loss (~ 5%) of j after 24 h running, indicating that NiCuFeB/SA
exhibits good performance stability in 1 M KOH solution. Additionally, the
LSV curves before and after the 24 h test suggest that the OER performance

decreased slightly, and the 710 only increased by 2 mV. The slight degradation
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of the OER activity during the stability test should be originated from the
detachment of catalyst particles induced by the continuous O> bubbles
releasing or the lasting O bubbles on the electrode surface that block the
catalytic reaction. Generally, the as-synthesized boride/SA catalysts show
excellent OER performance under alkaline conditions, suggesting that the

spent adsorbents derived low-cost heterostructured electrocatalysts are alluring

candidatures for OER catalysts.

Figure 7.11. (a)TEM and (b) HRTEM images of NiCuFeB/SA after the OER

test.

The post-OER NiCuFeB/SA was thoroughly characterized to understand
its advantages for OER. The TEM images of post-OER NiCuFeB/SA show
that the morphology undergoes a substantial structure and morphology
evolution during the OER process. The in situ evolved numerous ultrathin
nanosheet structures with irregular shapes gathered and formed the hierarchical
structure (Fig. 7.11a). Moreover, the HRTEM images of post-OER
NiCuFeB/SA showcases a mixed crystalline and amorphous phase (Fig. 7.11b),
which is totally different from the amorphous feature of the pristine one. XPS
analysis further suggests that all of the low valence species (Ni°, Fe”?*, Cu”!")
of metals in post-OER NiCuFeB/SA are wholly absent, while the high valence
species (NiZ"3*, Fe**, Cu®") of metals become more prominent (Fig. 7.12),
while B signals are almost missing. Such variations are due to the

electrochemical oxidation of NiCuFeB/SA under OER conditions. Combined
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the XPS results with HRTEM images. The abundant lattice fringes can be
indexed to FeOOH, NiOOH/Ni(OH),, and Cu(OH), which act as the active

sites for OER, agreeing with a previous study (Liu et al., 2021).
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Figure 7.12. High-resolution XPS scans of NiCuFeB/SA in (a) Fe 2p, (b) Cu
2p, (c) Ni 2p, and (d) B 1s regions after the OER test.

In general, the excellent OER activity of NiCuFeB/SA principally
attributes to the porous biochar confined highly-dispersed and small-sized
metal borides, in situ generated multiple active sites (Fe/Ni/Cu
(oxy)hydroxides), efficient mass/charge transfer, as well as the amorphous and

heterostructure feature.

7.4.Conclusions

In conclusion, we have performed the facile boriding strategy to turn

spent biochar-based water treatment adsorbents into heterostructured
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electrocatalysts for efficient OER without metal loss, for the first time. The as-
prepared magnetic metal boride/biochar heterostructures exhibit excellent
OER performance, and the optimized one requires an # of 251 mV to attain 10
mA cm2 in 1 M KOH solution, with good durability. Further explorations
indicate that the superior electrocatalytic performance is mainly attributed to
the porous biochar confined well-dispersed and small-sized metal borides, the
in situ evolved active multimetal (oxy)hydroxides, favourable charge-transfer
kinetics, as well as the heterostructure and quasi-amorphous feature. This study
provides a general strategy to engineer efficient electrocatalysts from industrial
spent adsorbents, which also can be broadened to the low-cost and high-value
reuse of other metal-contaminated solid wastes in an economically and

environment-friendly way.
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CHAPTER 8
Conclusions and

recommendations
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8.1. Conclusions

This thesis aims to develop efficient catalyst design strategies for the
construction of cost-effective TMS and TMB electrocatalysts for EWS. The

conclusions of each experimental study are shown below:

A FeB-based OER pre-catalyst with accelerated surface reconstruction
and upgraded intrinsic activity of evolved FeOOH by W and P co-doping has
been developed. The amorphous W and P co-doped FeB exhibits great OER
activity in alkaline media (710 = 209 mV, Tafel slope = 39.87 mV dec!), as
well as excellent long-term durability. Furthermore, the anion (borate and
phosphate) etching during the OER process facilitates the surface
reconstruction and accelerates the mass/charge transfer. Density functional
theory calculations suggest W doping can enhance intrinsic catalytic activity
by optimizing the adsorption free energy of reaction intermediates. What is
more, the hierarchical structure and amorphous feature of W, P co-doped FeB
also benefit the overall OER process. This study provides a general strategy to

optimize metal borides (e.g., CoBx, MoBx, NiBx) for OER pre-catalysts.

Beyond OER, a bifunctional nanoworm-like nickel sulfide nanostructure
has been designed for OWS via a one-step solvothermal route. Benefiting from
the smaller size, larger electrochemical surface area, and lower charge transfer
resistance, the as-prepared nanoworm-like nickel sulfides (NiS-NW/NF)
perform better than the nanoplate-like counterpart. The NiS-NW/NF only
demands an 5 of 279 mV to acquire 100 mA cm 2 for OER, exceeding most of
reported nickel sulfide-based catalysts. In addition, when used as a bifunctional
catalyst for OWS, the NiS-NW/NF achieves jio at only 1.563 V with good
long-term durability. This study provides a facile and effective strategy for the

design and development of cost-effective catalysts for water electrolysis.
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To further enhance the cost-effectiveness of catalysts, a facile and
efficient boriding strategy has been developed to directly convert the leachates
of WPCBs into magnetic mixed metal borides (FeNiCuSnBs) for OER for the
first time. Fe, Ni, Cu, and Sn were efficiently recovered via the boriding
reduction and magnetic separation process, with a metal cation recovery rate
of 99.78%, 99.98%, 99.96%, and 99.49%, respectively. The as-obtained
borides exhibit excellent catalytic performance for OER, and the optimized
sample only requires a low 7 of 199 mV to attain 10 mA cm 2, outperforming
most recently reported catalysts and all of waste-derived OER catalysts. In-
depth mechanism analyses suggest that the multimetal borides undergo surface
reconstruction induced by B/Sn etching, and the in sifu generated multimetal
(oxy)hydroxides act as the active species to facilitate O2 evolution. In addition,
the efficient mass/charge transfer, the amorphous feature, and the hierarchical
structure also contribute to superior electrocatalytic performance. This study
gains an insight into the correlation between surface self-reconstruction and
OER catalytic activity of multimetal boride-based catalysts. In addition, the
boriding strategy enables efficient recycling and advanced energy-driven
applications of valuable metals from e-waste for achieving a sustainable

energy future.

The facile boriding strategy has been also employed to turn spent biochar-
based water treatment adsorbents into heterostructured electrocatalysts for
efficient OER without metal loss. The as-prepared magnetic metal
boride/biochar heterostructures exhibit excellent OER performance, and the
optimized one requires a low 7 of 251 mV to attain 10 mA cm2in 1 M KOH
solution, with good durability. Further explorations indicate that the superior
electrocatalytic performance is mainly attributed to the porous biochar
confined well-dispersed and small-sized metal borides, the in situ evolved
active multimetal (oxy)hydroxides, favourable charge-transfer kinetics, as well
as the heterostructure and quasi-amorphous feature. This study provides a
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general strategy to engineer efficient electrocatalysts from industrial spent
adsorbents, which also can be broadened to the low-cost and high-value reuse
of other metal-contaminated solid wastes in an economically and environment-

friendly way.

Among the four typical catalysts reported in the thesis (i.e., W, P-FeB,
NiS-NW/NF,  FeNiCuSnB-4, NiCuFeB/SA), the WPCBs-derived
FeNiCuSnB-4 exhibit the best OER performance with high cost-effectiveness
and environmental significance. In addition, the bifunctional NiS-NW/NF

shows good potential for overall water electrolysis.

8.2. Recommendations

In this thesis, although some efficient TMS and TMB electrocatalysts
have been achieved for EWS, there are still some critical issues that deserve
future explorations. Below are some recommendations for future study on this

topic:

Firstly, the design of novel electrocatalysts requires novel strategies to
increase the number of active sites and improve the conductivity, intrinsic
activity, as well as durability. The "all-in-one" strategy can offer the pristine
material impressive catalytic properties. However, logically assembling the
related approaches remains a critical issue, which deserves more effort. In
addition, computational methods can provide valuable guidelines to rapidly
discover novel catalysts for EWS. Combining experimental tests and
computational results will improve the research efficiency and avoid the time-
consuming trial-and-error route. Another vital factor that should be considered
is the catalyst preparation procedures, where the reaction time and temperature,

safety issues, and environmental consequences should be carefully evaluated.
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Secondly, to get a better view of the electrochemical process, it is
necessary to adopt advanced in situ/operando techniques (e.g., XPS, XAS,
Raman spectroscopy, infrared spectroscopy) to monitor the evolution of
surface active sites and the reaction intermediates, as well as the surface
reconstruction and dissolution of active compounds. Furthermore, integrating
these experimental methods with the DFT calculations leads to a better
understanding of the electrocatalytic mechanism. More efforts are encouraged
to uncover the catalytic mechanism of different categories of catalysts with the

aid of state-of-the-art experimental and theoretical tools.

Thirdly, parameters for -catalysts evaluation should be further
standardized. To date, 710 and Tafel slope are the most popular descriptors and
used by almost all the reported papers. However, other factors are often
documented randomly, such as the specific/mass activity, turnover frequency,
stability, and onset potential. These issues result in unfair performance
comparisons among different catalysts. Additionally, mass loading has a major

influence on the evaluating parameters.

Finally, it is worth noticing that many OER/HER catalysts also exhibit
good performances for the oxygen reduction reaction. These multifunctional
catalysts are favorable to minimize the operation cost and to simplify the
design of experimental devices in PEM water electrolyzers, batteries, and fuel
cells. Consequently, it is of great value to examine the origins of functional
versatility and to provide guidance for the design of on-demanding
multifunctional electrocatalysts for practical energy storage/conversion

devices.
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