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1 | INTRODUCTION

The electrooxidation of small molecules (ESM) is a favor-
able way to oxidize small molecules into target substances

| Ning Han’

| Renji Zheng® | Zijie Ren* | Wei Wei' |

Abstract

Electrochemical oxidation of small molecules (e.g., water, urea, methanol,
hydrazine, and glycerol) has gained growing scientific interest in the fields
of electrochemical energy conversion/storage and environmental remediation.
Designing cost-effective catalysts for the electrooxidation of small molecules
(ESM) is thus crucial for improving reaction efficiency. Recently, earth-abundant
amorphous transition metal (TM)-based nanomaterials have aroused souring
interest owing to their earth-abundance, flexible structures, and excellent elec-
trochemical activities. Hundreds of amorphous TM-based nanomaterials have
been designed and used as promising ESM catalysts. Herein, recent advances
in the design of amorphous TM-based ESM catalysts are comprehensively
reviewed. The features (e.g., large specific surface area, flexible electronic struc-
ture, and facile structure reconstruction) of amorphous TM-based ESM catalysts
are first analyzed. Afterward, the design of various TM-based catalysts with
advanced strategies (e.g., nanostructure design, component regulation, het-
eroatom doping, and heterostructure construction) is fully scrutinized, and the
catalysts’ structure-performance correlation is emphasized. Future perspectives
in the development of cost-effective amorphous TM-based catalysts are then out-
lined. This review is expected to provide practical strategies for the design of
next-generation amorphous electrocatalysts.

KEYWORDS
amorphous catalysts, catalyst design, electrocatalytic conversion, electrochemical oxidation,
transition metals

with the merits of high reaction efficiency and selec-
tivity, simple operation conditions, no need for exter-
nal oxidants, and environmental friendliness.! Of note,
ESM plays a central role in advanced energy systems
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and environmental remediation techniques. For exam-
ple, water oxidation, namely, the oxygen evolution reac-
tion (OER), is a key reaction in water electrolysis-driven
hydrogen production techniques and metal-air batteries.?
The urea/hydrazine oxidation reaction (UOR/HzOR) is
important for urine/hydrazine wastewater purification
and direct urea/hydrazine fuel cells.> Moreover, coupling
UOR/HzOR with hydrogen evolution reaction (HER) is
suggested to realize energy-saving hydrogen production.*
Similarly, the electrochemical oxidation of methanol, glyc-
erol, sulfion, formic acid, and 5-hydroxymethylfurfural
(HMF) also has been investigated to replace OER for
producing hydrogen with lower energy consumption and
obtaining value-added chemicals.”® Overall, the oxidative
transformation of these small molecules in an electro-
chemical way would significantly benefit the sustainable
energy system and green environment.

ESM generally shows a multi-electron reaction char-
acteristic and leads to high-energy barriers. Therefore,
it is important to boost the ESM process with efficient
electrocatalysts. Precious metals (e.g., Ru, Ir, Pd, Rh, and
Pt)-based catalysts have shown high catalytic activities and
good durability,”® but their high prices and low reserves
severely hamper their applications.”'? Alternatively, cata-
lysts based on abundant transition metals (TMs, e.g., Fe,
Ni, and Co) have shown promising catalytic performance
for ESM,! especially in alkaline or neutral electrolytes.
Great efforts have thus been made to exploit cost-efficient
TM-based ESM catalysts.
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SCHEME 1

Thousands of TM-based catalysts with diverse nanos-
tructures, crystal structures, and compositions have been
developed. Among them, catalysts with an amorphous
phase have attracted enormous scientific attention due
to their flexible crystal/electronic structures, rich elec-
troactive sites, and so on. Thus, amorphous catalysts
show better electrochemical performance for ESM than
crystalline counterparts.'> To upgrade the catalytic per-
formance of amorphous catalysts, efficient strategies have
been adopted to populate the catalytically active sites
and/or improve the intrinsic catalytic activity of catalysts,
such as nanostructure design, component regulation, het-
eroatom doping, and heterostructure construction. For
example, the catalytic activity of copper hydroxide toward
HMF oxidation can be significantly enhanced by forming
a heterostructure with nickel hydroxide."® This is because
the presence of nickel hydroxide can enrich the active
sites for HMF oxidation. By utilizing these powerful strate-
gies, many efficient catalysts based on amorphous TM
alloys, (hydr)oxides, chalcogenides, phosphides, nitrides,
borides, and oxometallates have been developed for ESM
(Scheme 1 and Table 1). These amorphous materials sig-
nificantly enrich the ESM catalyst community and largely
promote related reaction processes. In consequence, the
great interest in this topic hastens a comprehensive sum-
mary covering the design of amorphous TM-based ESM
electrocatalysts.

This review aims to deliver a critical examination
of recent advancements in the design of amorphous

(B)
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for ethylene glycol
oxidation

Amorphous NiB for
ethanol oxidation

Amorphous LaMoO for
hydrogen oxidation

Partially amorphous
Co-W alloy for
methanol oxidation

Amorphous
FegoNiyoCryoZrgB,, for
water oxidation

(A) Design of amorphous transition metal (TM)-based catalysts for electrooxidation of small molecules (ESM).

(B) Milestone timeline of studies related to amorphous TM-based catalysts for ESM.'#%
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(Continued)

TABLE 1

Performance

Electrolyte
0.1 M K-Bi*
1M KOH
1M KOH

Reaction

OER
OER
OER

Design strategy

Electrocatalyst

430 mV, Tafel slope = 92 mV dec™!

o

Nanostructure design

Amorphous NiCo-borate nanosheet arrays*’

213 mV, Tafel slope = 39 mV dec™!

Mo

Heterostructure construction

Amorphous CoFePO,/crystalline Ni(PO;),**

Amorphous CoFe phyllosilicates*’

329 mV, Tafel slope = 34.3 mV dec™!

o

Abbreviations: HMF, 5-hydroxymethylfurfural; HzZOR, hydrazine oxidation reaction; OER, oxygen evolution reaction; RHE, reversible hydrogen electrode; UOR, urea oxidation reaction.

aQverpotential at the current density of 10 mA cm™2.

bElectrochemical oxidation of HMF.

Component regulation

€2,5-Diformylfuran.

dReversible hydrogen electrode.

€Current density.

f2,5-Furandicarboxylic acid.
8Layered double hydroxide.

hGlycerol oxidation reaction.

"Hydroxypyruvic acid.

IMethanol oxidation reaction.

kpotassium borate.

TM-based ESM catalysts. Instead of listing previous
work, this review mainly focuses on the application
of diverse catalyst design strategies in the develop-
ment of efficient ESM electrocatalysts. First, the critical
structural/electronic features of amorphous catalysts are
analyzed. Then, the designs of amorphous TM alloys,
(hydr)oxides, chalcogenides, phosphides, nitrides, borides,
and oxometallates are detailed, with representative exam-
ples interpreted. Moreover, perspectives on the develop-
ment of amorphous ESM catalysts are pointed out.

2 | FEATURES OF AMORPHOUS
ELECTROCATALYSTS

Amorphous catalysts possess unique characteristics of
short-range order and long-range disorder and thereby
manifest different physicochemical properties from their
crystalline analogs.’’>' Generally, the better catalytic per-
formance of amorphous catalysts than their crystalline
counterparts can be explained by their following features,
namely, large specific surface area (SSA), flexible elec-
tronic structure, and deep structure reconstruction during
the ESM process.

3 | Large specific surface area

Compared with crystalline materials that generally syn-
thesized at relatively high temperatures, amorphous
materials prepared at mild conditions generally show
higher SSA.°>33 A main reason is that the amorphous-
to-crystalline conversion process would lead to particle
coarsening during the high-temperature process.”* This
feature of amorphous catalysts guarantees more elec-
troactive sites and a larger electrochemical active surface
area (ECSA) and promotes the interaction between cata-
lysts and reactants/intermediates.’”>> As reported by Cai
et al., the amorphous NiFe alloy synthesized at room tem-
perature comprises interconnected nanoparticles with an
average size of 50 nm (Figure 1A,B), which is smaller than
the crystalline counterpart prepared at 600°C (100 nm,
Figure 1C,D).”® The amorphous catalysts with smaller size
exhibit higher SSA, which can promote mass/charge trans-
fer and provides abundant transportation channels for
electrolytes and gas products.”’ The high SSA of amor-
phous TM-based catalysts also results in larger ECSA
(Figure 1E), and smaller Tafel slopes (Figure 1F), thereby
faster reaction kinetics.”® As a large SSA ensures better
contact at the catalyst-electrolyte interface, amorphous
catalysts show smaller charge transfer resistance (R) than
crystalline materials.
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(A) Scanning electron microscopy (SEM) and (B) transmission electron microscopy (TEM) images of amorphous NiFe alloy

catalyst. (C) SEM and (D) TEM images of crystalline NiFe alloy catalyst. Insets in (B) and (D) show the selected-area electron diffraction
(SAED) patterns of amorphous and crystalline NiFe alloy catalysts, respectively. (E) Double-layer capacitances of amorphous and crystalline
NiFe alloy catalysts to determine electrochemical active surface area (ECSA). (F) Tafel plots of amorphous (cyan) and crystalline (pink) NiFe
alloy catalysts. Source: Reproduced with permission: Copyright 2020, American Chemical Society.*®

3.1 | Flexible electronic structure
The long-range disorder feature gives rise to flexible
electronic structures in amorphous TM-based catalysts,
which results in two major advantages. Amorphous cat-
alysts possess more defects or vacancies that are gener-
ally electroactive sites than long-range ordered crystalline
counterparts.”®>° As depicted in Figure 2A, the LaNiO;
catalysts prepared at lower temperatures (450 and 500°C)
possess a hybrid amorphous/crystalline feature, and the
amorphous part shows no atomic periodicity.” This also
leads to rich electronic properties, which can be identi-
fied by X-ray photoelectron spectra analysis. Compared
with the crystalline NiO,/NF-600°C catalyst, the Ni 2p3/2
spectrum of amorphous NiO,/NF-100°C contains a higher
ratio of high-valence Ni** species. In addition, the amor-
phous NiO,/NF-100°C exhibits a higher concentration of
oxygen defects. These favorable electronic features bene-
fit the adsorption/desorption of reactants during UOR.%!
Accordingly, the flexible electronic structure of amorphous
catalysts contributes to more catalytically active sites for
ESM.

It is facile to introduce foreign metal/nonmetal ele-
ments into amorphous TM-based catalysts. Component

regulation usually leads to bond length regulation and
electron/charge redistribution,®? which further optimizes
the adsorption/desorption of reaction intermediates and
benefits the catalysis process.’>** From the crystal mod-
els in Figure 2B,C, it can be observed that the atom
arrangement of amorphous Fe-doped InPO, is disordered
compared to the crystal counterpart. Further investiga-
tions suggest that the average Fe-O bond length (1.891 A)
in the amorphous Fe-doped InPO, is shorter than that of
the crystalline one (1.913 A) (Figure 2D). A shorter Fe-
O bond distance would attribute to more high-valence
Fe species and improve the interaction with catalytic
intermediates.**

3.2 | Facile structure self-reconstruction

TM-based catalysts would undergo in situ structure recon-
struction during electrochemical oxidation processes (e.g.,
OER, UOR, and GOR), resulting in the formation of stable
and catalytically active TM (oxy)hydroxide species.®> Com-
pared with crystalline catalysts, amorphous TM catalysts
could easier transform into active TM (oxy)hydroxides and
achieve higher catalytic activities.®®®” For example, Chen
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(A) Scanning transmission electron microscopy (STEM) images along with fast Fourier transforms (FFTs) clarify the surface

regions in the LaNiOj; catalyst annealed at 450, 500, and 800°C. Classical models of (B) amorphous Fe-InPO, and (C) crystalline Fe-InPO,.
(D) Distributions of average bond lengths in amorphous Fe-InPO, and crystalline Fe-InPO,. Source: (A) Reproduced with permission:

Copyright 2022, Royal Society of Chemistry.®
et al. have compared the OER performance of the man-
ually milled chalcopyrite (CuFeS,-HM, crystalline phase)
and the mechanically milled counterpart (CuFeS,-BM,
amorphous phase). The rich defects in CuFeS,-BM lead
to a flexible structure and can decrease the necessary
energy for the self-formation of electroactive phases.®®
Such structure characteristics of CuFeS,-BM promote the
totally in situ evolution of the original sulfides into metal
(oxy)hydroxide phases during OER, whereas electroac-
tive phases/species in the CuFeS,-HM catalyst are just
confined on the shell/surface (Figure 3A).

Recent studies have taken the advantage of amor-
phous catalysts’ facile structure self-reconstruction fea-
ture to design efficient electrocatalysts for ESM.%%70 In
the crystalline NiO/amorphous CrO,, heterostructure, the
presence of amorphous CrO, can facilitate the self-
reconstruction of NiO to the active NiOOH phase and
improve adsorption strength toward urea molecules, as
evidenced by the in situ electrochemical Raman analysis.*®
The NiO/CrO, catalyst thus shows good UOR perfor-
mance, and a potential of 1.32 V is acquired to achieve
the 10 mA cm~2 with long stability for 5 days. Similarly,
a recent report suggests that amorphous Fe-doped NiB
(aFe-NiB) needs lower energy (1.40 V vs. reversible hydro-
gen electrode [RHE]) than the crystalline counterpart
(1.45 V vs. RHE) to initiate the structure reconstruction
during the UOR process, as illustrated by the in situ
Raman spectra (Figure 3B,C).%° The aFe-NiB thus exhibits
higher UOR performance due to the improved formation
of electroactive metal oxyhydroxides.

(B-D) Reproduced with permission: Copyright 2020, Royal Society of Chemistry.**

4 | AMORPHOUS TM ALLOYS

Amorphous TM alloys are highly efficient ESM catalysts
due to their high conductivity and the synergistic combina-
tion of electroactive metals, as well as rich active sites.2*”!
Co, Ni, and Fe-based amorphous alloys are widely explored
ESM electrocatalysts, and current studies mainly focus on
nanostructure design and heterostructure construction.

4.1 | Nanostructure design

Controlling the nanostructure of nanocatalysts is a pow-
erful strategy to upgrade the catalytic performance of
amorphous TM alloys by providing a large surface area and
promoting the penetration/diffusion of electrolytes.”>”
Porous materials,”* nanoarrays,”” pompoms,' films,”® and
aerogels®® have been investigated for ESM. For instance,
Xu et al. used electrodeposition to load amorphous
NiFe nanotubes onto the nickel foam (NiFe NTAs-NF)
(Figure 4A).” As shown in Figure 4B, the nanotube
array nanostructures are presented. The well-defined nan-
otube arrays offer a large surface area, rich electroactive
sites, as well as adequate electrolyte/gas transportation
channels during the electrochemical reaction. Together
with the amorphous phase of the NiFe alloy, the NiFe
NTAs-NF exhibits a high OER activity (s, = 216 mV) and
good stability for 20 h. Similarly, the amorphous Ni-Co
alloy/NF catalyst prepared by a three-step process shows
a three-dimensional (3D) hierarchical nanorod array
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(A) Hlustration of the in situ structure reconstruction of CuFeS,-HM and CuFeS,-BM during oxygen evolution reaction

(OER) (color: white-H, yellow-S, red-O, brown-Cu, blue-Fe). In situ Raman spectra collected on (B) amorphous Fe-doped NiB and (C)

crystalline Fe-doped NiB for urea oxidation reaction (UOR). Source: (A) Reproduced with permission: Copyright 2022, Elsevier.®® (B and C)

Reproduced with permission: Copyright 2023, Elsevier.%

nanostructure (Figure 4C,D).”” Compared with the Ni/NF
and Co/NF catalysts, the amorphous Ni-Co/NF catalyst
shows better performance toward HzOR and attains a
higher current density of 1213 mA cm™2 at 0.30 V versus
RHE with good stability for 36 h (Figure 4E,F). Besides
nanoarray structure, porous structures also possess a large
number of exposed electroactive sites for OER.”® Typically,
the 3D ordered macro-/mesoporous Nig; Cosg alloys with
large surface area and distinctive structure show a good
performance for OER (7, = 241 mV).”

4.2 | Heterostructure construction

Besides nanostructure manipulation, constructing het-
erostructures is another universal strategy to enhance the
ESM performance of amorphous TM alloys. Heterostruc-
tures can inherit the merits (e.g., high activity, good
conductivity, large surface area, and good durability) of dif-
ferent components harmonically and, thereby, contribute
to upgraded catalytic performance. Wang et al. devel-
oped an eco-friendly exfoliator to assemble amorphous

thin layered NiFe alloy nanosheets on two-dimensional
(2D) materials (MoS,, Ti;C, MXene, graphene).”* Taking
the NiFe/MoS, as an example, the unique 2D/2D config-
uration largely limits the aggregation and improves the
exposure of electroactive sites, and the strong interfacial
coupling between MoS, and NiFe promotes charge trans-
fer between them. Thus, the NiFe/MoS, heterostructure
shows a high catalytic activity (;; = 260 mV) for OER.
Currently, the application of amorphous TM alloys in ESM
is still in its infancy, and more studies are encouraged
to regulate the physicochemical properties (e.g., porosity,
size, conductivity, chemical composition, and shape) of
TM alloys to upgrade their catalytic performance.

5 | AMORPHOUS TM (HYDR)OXIDES

TM (hydr)oxides are the most widely explored ESM cat-
alysts owing to their easy preparation, high electrochem-
ical activity, and eco-friendliness.””*° Amorphous TM
(hydr)oxides with flexible crystal structures have exhib-
ited good catalytic performance for ESM, especially Ni, Fe,
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Mn, and Co-based materials. Recently studies have pro-
vided great guidelines for the design of amorphous TM
(hydr)oxides-based ESM catalysts.

5.1 | TM oxides

With high redox activity, flexible composition, and strong
stability, amorphous TM oxides have aroused great inter-
est in ESM catalysts.®! Previous achievements suggest two
general methods to enhance the catalytic performance
of amorphous TM oxides, namely, component regulation,
foreign-atom doping, and heterostructure construction.

511 | Component regulation

Compared with single metal oxides, binary/ternary/
quaternary metal oxides with multimetallic active sites

and rich redox couples gain growing attention.®”%* A gen-
eral rule for achieving a high ESM activity is combining
more metal species in metal oxides. CoO, is claimed to
be more active than FeO, and NiO,, but the presence
of a second metal (e.g., Ni, Ce, and Fe) can improve
the OER performance of amorphous CoO, significantly.®
For instance, Pan et al. found that the amorphous Co-
Ce oxides (Co, oCe;0,) synthesized by a photochemical
metal-organic deposition route show a good OER activ-
ity (1,0 = 320 mV).%* The presence of Ce can significantly
improve the catalytic activity of CoO, because of the
synergistic effects of suitable metal-OH bond strength,
enlarged SSA, and a high Co** proportion. Similar amor-
phous binary metal oxides such as Fe-Co oxides,* Fe-Ni
oxides,®***” NiWO, nanoparticles,*® and Ni-Co oxides®
also have been investigated for ESM applications.

To further mediate the multi-electron transfer ESM pro-
cess, oxides with multiple redox-active metal ion sites are
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studied. Typically, Fe-Ni-Co oxides that have increased
conductivity, populated catalytically active sites, and syn-
ergistic action of different elements present as highly
efficient catalysts for ESM.5*° Aside from the activity,
the addition of high-valence state Mo would upgrade
Co-Fe oxides’ stability.”" In the amorphous quaternary Ba—
Sr-Co-Fe oxide, the presence of abundant coordinately
unsaturated active metal sites and the isotropic nature of
amorphous oxides contribute to high OER performance.’?

5.1.2 | Heteroatom doping
Foreign-atom doping is a universal strategy to adjust the
physical/electronic properties of materials.®* Both cationic
and anionic dopings have been performed to optimize
the ESM performance of amorphous oxides. Cationic dop-
ing generally can improve the charge transfer process,
increase ECSA, and optimize the electronic structure of
electroactive sites.”> In an Fe-doped amorphous CoO,,
the Fe dopants not only provide active Fe sites to regu-
late the adsorption/desorption of OER intermediates but
also tune neighboring Co sites’ electronic structure to
increase the OER performance.”® A more recent investiga-
tion uncovers that the Mo dopant in NiCo,0, leads to an
amorphous and porous hierarchical structure and, thereby,
contributes to high OER performance (1;, = 280 mV).”*
Moreover, the Mo-doped NiCo,0, features a deep in situ
reconstruction process under OER conditions and thus
shows good performance durability for 24 h. With a higher
electronegativity, Mo dopant in amorphous MoCo,O,, also
can promote the participation of lattice oxygen in OER.
The amorphous MoCo, O, was prepared by a two-step pro-
cess (Figure 5A).” Compared with the crystalline Co;0,
catalyst, oxygen vacancies can be witnessed on the amor-
phous MoCo,0,-100 catalyst (Figure 5B), suggesting the
presence of high-energy dangling bonds. Electrochemi-
cal tests imply that the MoCo,0,-100 catalyst exhibits
a strong pH-dependent OER activity, whereas Co;0,
shows a mostly pH-independent OER activity (Figure 5C).
The pH-dependent OER activity result suggests a lattice
oxygen oxidation mechanism (LOM) on the MoCo,O,-
100 catalyst. Moreover, tetramethylammonium cation was
introduced as a chemical probe to track the existence of
superoxo-like (0?~) and peroxo-like (0,2~) species that are
typical intermediates in LOM-involved OER process. As
shown in Figure 5D, the OER performance of MoCo,O,-
100 is severely lessened in the presence of tetramethylam-
monium hydroxide (TMAOH), which reveals the critical
contribution of LOM (Figure 5E).

Anionic doping is also studied to design ESM cata-
lysts, based on amorphous TM oxides. Similar to cationic
doping, the addition of anionic dopants can enhance the

oxides’ activity by regulating the amorphous property and
the electronic structure of active sites. In a spinel CuCo,0,
catalyst, the P dopant induces the formation of the amor-
phous phase that provides rich active sites for OER.%
The dual anion (N, S)-doping into the amorphous Ni-Co
oxide can accelerate the catalytic kinetics by an “ensemble
effect,” which causes the electron distribution rearrange-
ment. As a result, electrons in active metal centers are
migrated into heteroatom, and thus, Co and Ni sites show
higher oxidation states for OER.”’

5.1.3 | Heterostructure construction
Integrating amorphous metal oxides with carbon materi-
als or electroactive materials can enlarge ECSA, populate
active sites, and enhance the intrinsic catalytic activity,
thereby leading to upgraded catalytic performance.’®%
Loading amorphous Cog¢Nig4Fe,0, on N-doped car-
bon nanocubes can contribute to a high activity toward
methane oxidation. The oxide/carbon hybrid generates
methanol with a high selectivity of 82.8% and a yield of
1925.4 mmol g, ~! h™! at 0.8 V versus Ag/AgClL.!°° Such
catalytic performance originates from the robust trimetal-
carbon electronic interaction and a high ratio of lattice oxy-
gen/oxygen vacancy of the Cog¢Nij 4Fe,04/N-doped car-
bon nanocubes. Apart from carbon materials, construction
composites by coupling amorphous oxides with crystalline
active materials have been well demonstrated.””'°! Qiao
et al. developed a crystalline CoNiP,/amorphous P-MnO,,
(c-CoNiP,/a-P-MnO,) composite for UOR via a hydrother-
mal treatment-phosphization process (Figure 6A,B). The
c-CoNiP,/a-P-MnO,, catalyst can achieve the current den-
sity of 100 mA cm~2 at 1.35 V versus RHE for UOR, which
is 273 mV lower than that for OER (Figure 6C). In addi-
tion, the composite outperforms the single component
(Figure 6D,E), indicating the synergistic effect between
the crystalline CoNiP, and amorphous P-MnO,.'* In the
amorphous CrO, confined Ni/NiO nanoparticles catalyst
synthesized by a hydrothermal treatment-hydrogenation
method (Figure 6F), the amorphous CrO, can facili-
tate the in situ generation of active NiOOH phase and
the electron transfer process during UOR (Figure 6G),
contributing to high catalytic activities. Additionally, the
CrO, shell shows a protective effect and leads to high
stability.!??

5.2 | TM (oxy)hydroxides

TM (oxy)hydroxides are the most stable catalysts for
ESM in neutral to alkaline media, and Ni/Fe/Co-based
(oxy)hydroxides are excellent electrocatalysts.'04-10°
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For the development of high-performance amor-
phous (oxy)hydroxides, nanostructure design and
heterostructure construction are two powerful methods.

5.2.1 | Nanostructure design

TM (oxy)hydroxides with different dimensions have been
prepared and used as ESM catalysts. The amorphous
zero-dimensional (0D) Ni;Feso-(oxy)hydroxide synthe-
sized by a sonochemical method possesses a small particle
size of 2-3 nm, which contributes to high OER activ-
ities (1,0 = 292 mV, Tafel slope = 30.4 mV dec!).'””
Starting from Fe-based bimetallic MIL-88 metal-organic
frameworks (MOFs), Xu et al. developed amorphous

bimetallic hydroxides via an in situ chemical transforma-
tion process.!”® The MOF-derived NiFe-OH-0.75 catalyst
with ultrasmall nanoparticles (<10 nm) and abundant cat-
alytically active sites only takes the overpotential of 270 mV
to gain 10 mA c¢cm~2. 2D nanosheets are the most gen-
eral structure of TM (oxy)hydroxides, which attract great
interest.'°°~!!! For example, the porous amorphous nickel-
iron hydroxide (NiFe(OH),) nanosheets with multi-metal
coordination and highly porous nanostructure exhibit
high HzOR activities (j = 10 mA cm2@0.06 V vs.
RHE) and long-term stability (>22 h).'” Amorphous
nano/microarrays, nanocages, and nanocubes of TM
(oxy)hydroxides with unique structures and rich abun-
dance are efficient ESM catalysts.'>'"> Interestingly,
the amorphous Ni-Co hydroxide nanodendrite forests
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c-CoNiP,/a-P-MnO,,. (C) Linear sweep voltammetry (LSV) curves for oxygen evolution reaction (OER) and urea oxidation reaction (UOR) of
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Copyright 2023, Elsevier.'? (F and G) Reproduced with permission: Copyright 2023, Elsevier.!

developed by Balram et al. feature hierarchical nature,
superhydrophilic property, and underwater superaeropho-
bic behavior, which leads to high catalytic performance.'”
This study emphasized that the bubble generation and
detachment behavior during the gas-involved reactions
would affect the catalytic performance.

5.2.2 | Heterostructure construction

Constructing amorphous TM (oxy)hydroxides on the sur-
face of electroactive and highly conductive materials (e.g.,

3

TMSs and TMPs) can contribute to high catalytic perfor-
mance. There are generally two ways to form the amor-
phous TM (oxy)hydroxides-based heterostructures, pre-
synthesis route, and in situ electrochemical reconstruc-
tion. The pre-synthesis route means that amorphous TM
(oxy)hydroxides are formed during the catalyst synthesis
process via electrodeposition,''® precipitation,'>!" chem-
ical deposition,” and so on. For instance, Lv et al. pre-
pared crystalline NiFe/amorphous NiFe-(oxy)hydroxide
on the NiMo alloy (NM@cNF/aNFO) by electrodeposition,
as illustrated in Figure 7A."® The abundant nanopores
and defects of amorphous NiFe-(oxy)hydroxide, the high
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electronic conductivity and rich edges of ultrafine NiFe
nanocrystals, and the tight combination of NiMo alloy
toward the outer nanosheets lead to abundant electroactive
sites, high intrinsic activity, fast mass/charge transfer, and
high electrocatalytic durability. Similar studies also inte-
grate the advantages of amorphous TM (oxy)hydroxides
with other electroactive materials to gain cost-effective
ESM catalysts, such as Ni(OH),/amorphous Cu(OH),,"
amorphous Fe hydroxides/V-doped nickel sulfide,”” amor-
phous NiFe(OH),/(Ni, Fe)Se,,'"” Ni-Fe-OH@Ni;S,/NF,""”
and amorphous NiFe-OH/NiFeP."° It is interesting to find
that some of the amorphous hydroxide-based compos-
ites exhibit high performance toward multiple reactions,
which is favorable for system simplification. Li et al. devel-
oped a crystalline NiFe phosphide/amorphous P-doped
FeOOH hybrid (P-NiFeO,H,) for UOR, OER, and HER
via a corrosion-phosphorization method (Figure 7B).!?°
Compared with the crystalline NiFeO,H, catalyst, P-
NiFeO,H, exhibits better performance toward OER and
UOR (Figure 7C) due to its ameliorated adsorption energy
of oxygen-containing reactants and superaerophobic and
superhydrophilic surface. The P-NiFeO,H, catalyst can
be implemented as both anode and cathode for the urea
electrolyzer, which can achieve 10 mA cm™2 at a volt-
age of 1.36 V and could be driven by a solar cell system
(Figure 7D).

In alkaline electrolytes, the in situ electrochemical
reconstruction mediated TM (oxy) hydroxide formation
has been well accepted in the last few years.'?"'?? It
is suggested that most TM-based catalysts will undergo

structure reconstruction and generate (oxy)hydroxides
on the catalysts’ surface, under alkaline and oxida-
tive conditions.®®!?>1>* With this in mind, many stud-
ies have focused on the in situ electrochemical con-
struction of high-performance heterostructures for ESM.
Yang et al. designed an Nij;oFeq 19V 20S,@amorphous
NiFe hydroxide catalyst for OER by thermal sulfida-
tion and a subsequent in situ electrochemical treatment
(Figure 7E).!*> The high electronic conductivity of the
inner Nig 79Feq10V0.20S,, synergistic effects between NiFe
hydroxides and Ni 5oFeq 10V 2052, and stable electroactive
sites on the outer amorphous hydroxide surface together
benefit the OER performance (3, = 204 mV). In contrast
to the pre-synthesis strategy, the inevitable in situ elec-
trochemical conversion process is more convenient and
practical for designing TM-based heterostructural catalysts
for ESM.

6 | AMORPHOUS TM
CHALCOGENIDES

TM chalcogenides (sulfides, selenides, and tellurides) as
emerging (pre)catalysts with excellent ESM performance
have gained growing scientific attention owing to their
high electrical conductivity, good catalytic activity, as
well as low cost.'?!?” Typically, amorphous TM chalco-
genides with rich defects, dangling bonds, and structural
flexibility are highly promising ESM (pre)catalysts. In
this section, the recent advances in the development of
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amorphous TM chalcogenides (sulfides, selenides) for
ESM are detailed.

6.1 | TM sulfides

Amorphous TM sulfides have been extensively used for
ESM, especially bimetallic sulfides.'”® Designing amor-
phous TM sulfides for ESM generally involves the
modification of materials’ internal and external char-
acteristics, including morphology/nanostructure, electri-
cal conductivity, and electronic structure.'”” To achieve
these goals, nanostructure design, heteroatom doping,
and heterostructure construction have been extensively
studied.

6.1.1 | Nanostructure design

To populate the electroactive sites and fasten charge/mass
transfer, controlling the nanostructure of amorphous TM
sulfides is an efficient method. 2D amorphous TM sulfide
nanosheets***> and nanoflake arrays'>® are represen-
tative catalysts. To avoid the formation of dense struc-
tures or films, engineering holes/pores on the sulfide
nanosheets can enlarge the surface area of catalysts and
promote the release of generated oxygen gas bubbles.'3>13*
For instance, the honeycomb-like amorphous Ni-Mo-S
membrane composed of abundant intertwined ultrathin
nanosheets can realize a current density of 100 mA cm~2 at
1.385 V for UOR."*> Improving the dispersion of electroac-
tive sites via nanostructure design also contributes to high
catalytic performance. Dong et al. prepared highly dis-
persed amorphous cobalt/nickel sulfides with a nanoflakes
array structure by controlling the synthetic conditions.'**
The optimal amorphous Co,Ni;S nanoflake arrays exhibit
good OER and HER activities, and it takes a low cell volt-
age (1.60 V) to attain 10 mA cm~2, with high stability (96%
activity retention for about 10 h).

6.1.2 | Heteroatom doping

Aside from structure regulation, raising the intrinsic activ-
ity of amorphous TM sulfides via heteroatom doping is
suggested. In 2017, Cai et al. developed oxygen-doped
amorphous cobalt sulfide porous nanocubes for OER.!*
The oxygen dopants lead to desirable reaction interme-
diate (O*) adsorption energy and distorted CoS;¢Oq
octahedron structure, which synergistically contributes to
improved OER activities (1,0 = 290 mV). More recently,
ultrathin and amorphous Mo-doped FeS nanosheets with

abundant sulfur defects were developed via a hydrother-
mal route.””” Benefited from the amorphous ultrathin
nanosheets structure and synergistic effects of Mo dopants
and S defects, the Mo-doped FeS manifests good OER activ-
ities (1,0 = 210 mV,, Tafel slope = 50 mV dec™!) and stability
in the alkaline medium.

6.1.3 | Heterostructure construction
Hybridizing amorphous TM sulfides with electroac-
tive nanomaterials (e.g., oxides, metal particles, sul-
fides, hydroxides, and tellurides) and highly conduc-
tive carbon materials can further upgrade the catalytic
performance.**? Liu et al. designed a bifunctional cata-
lyst composed of Cu cluster-coupled quasi-amorphous on
Cu foam (CF) CoS, (Cu@CoS,/CF) via a one-step route
(Figure 8A)."*! With the CF support, the Cu@CoS,/CF
is somewhat flexible (Figure 8B), and the Cu@CoS,/CF
manifests a 3D macroporous structure (Figure 8C). These
structural features benefit the exposure of active sites,
charge/mass transfer, and mechanical stability. In addi-
tion, Cu clusters have multiple effects on the cat-
alytic performance of Cu@CoS,/CF. First, the Cu cluster
could improve the electronic transport property of the
Cu@CoS,/CF hybrid. Second, the Cu cluster could inter-
act with quasi-amorphous CoS, strongly at the interface,
which leads to the generation of rich negative and positive
sites and further promotes the interaction of the catalyst
with H,O. Third, Cu clusters can benefit H,O dissociation
and facilitate the electrolyzing of water. With these mer-
its, the Cu@CoS,/CF//Cu@CoS,/CF couple can afford
10 mA cm~2 at about 1.50 V in an alkaline electrolyzer.

Compositing  amorphous TM  sulfides with
(hydr)oxides/sulfides/tellurides also contributes to high
catalytic performance. For example, the NF-supported
hierarchical OER catalyst (VO,/NizS,@NF) compris-
ing vanadium oxide nanocrystals (VO,) embedded
in amorphous nickel sulfide (Ni;S,) nanosheets can
attain 100 mA cm~2 at a low overpotential (358 mV)
(Figure 8D).'*? Apart from the self-supported hierarchical
nanostructure and the rational chemical composition,
the presence of VO, in the sulfide nanosheets upgrades
the catalytic performance by strengthening the Ni-O
bonds. Amorphous TM sulfides/chalcogenides het-
erostructures which gather the advantages of different
sulfides and benefit from the synergistic effect among
different components also present high ESM activi-
ties, such as MoS,@Co,Ss@Ni3S,/NF,'** Ni;S,/MoS,
nanosheets/NF,'**  NiTe/amorphous NiS,** Mn-Cd-
S@amorphous-Ni;S,,'** amorphous MoS,/CoS/Co ¢sSe
nanotube arrays,* and a-MoS,-Ni;S,/NF.'#*
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6.2 | TM selenides

Amorphous TM selenides such as Ni,Se,, Fe,Se,, and
Co,Se, have attracted great attention as ESM cata-
lysts for their high conductivity, metallic properties,
and good electroactivity.'***” Binary metal selenides
that combine different active metal species have exhib-
ited better ESM performance than their monometallic
counterparts. Yi et al. developed amorphous Ni-Fe-
Se/NF hollow nanospheres for both HER and OER via
electrodeposition.>® The Ni-Fe-Se/NF outperforms the
single metal counterparts for water splitting because of the
synergistic effect of Fe and Ni.

Amorphous TM selenides-based composites such
as Cu-doped amorphous NiSe,/crystalline NiSe, (Cu-
(a-NiSe,/c-NiSe,)/Ti0,),”’ amorphous Co-Co0,/CoSe
composite film,'*® amorphous MoS,/CoS/Co gsSe nan-
otube arrays,” and amorphous Co-O@Co-Se film'*’
are high-performance ESM catalysts. Of note, the
amorphous/crystalline heterostructure (Cu-(a-NiSe,/c-
NiSe,)/TiO,) developed by Park et al. possesses some
meaningful characteristics.’” First, the outer amorphous

142

NiSe, phase can efficiently decrease the size of inner
crystalline particles and stabilize them from aggregation,
which contributes to a large surface area. Second, the rich
defect sites of the amorphous NiSe, provide abundant
electroactive centers, and the inner NiSe, structure’s
good electrical conductivity leads to a synergistic effect,
thus enhancing the composite’s catalytic activity and
stability.

7 | AMORPHOUS TM PHOSPHIDES,
NITRIDES, BORIDES, AND
OXOMETALLATES

7.1 | TM phosphides and nitrides

TM phosphides and nitrides with metallic properties,
high electrical conductivity, and good electrochemical
activity are promising ESM catalysts. The design of high-
performance amorphous TM phosphides and nitrides-
based catalysts generally involves component regulation,
nanostructure design, and heterostructure construction.
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711 | Component regulation

The introduction of external metals or nonmetals can
ameliorate the catalytic performance of single metal phos-
phides/nitrides. It has been well proved that amorphous
NiFeCoP catalysts perform better than their mono/binary
metallic counterparts.”*"> The main reason is that the
abundant electroactive sites, disordered atomic arrange-
ments, and synergic effects of different metals con-
tribute to enhanced catalytic activity. A general trend is
that more metal species lead to higher ESM catalytic
performance,®>>* and the ratio of metals also plays a
vital role.*?1> Aside from the addition of metals, recent
studies indicate that anions also can tune the catalytic
behavior of amorphous TM phosphides. In a B-involved
ternary Co-P catalyst, the Co-P-B could inherit great elec-
tron transfer properties from Co-B and Co-P. Hence, the
addition of B can regulate the electron transfer process of
the ternary catalyst.”>® In addition, the optimal Co-P-B-5
catalyst undergoes obvious structure reconstruction dur-
ing anodic polarization and facilitates the generation of
abundant CoOOH active species on its surface.

7.1.2 | Nanostructure design

Catalysts with large particle sizes and dense layer struc-
tures are less likely to expose enough electroactive sites for
catalytic reactions. In this context, controlling the nanos-
tructure of amorphous TM phosphides/nitrides is in high
demand. Currently, amorphous TM phosphides/nitrides
with various nanostructures like nanospheres,"”’ hierar-
chical nanosheet arrays,"® thin films,"”” nanosheets,'*%¢!
and nanocone arrays'®* have been designed for ESM. An
efficient method to construct typical nanostructures is
using a template. For example, Huang et al. employed
a template-assisted strategy to construct carbon fiber
paper-supported amorphous CoMoP, nanosheet arrays
(a-CoMoP,/CF) (Figure 9A).® In the synthetic process,
Co-MOF and CoMoOy act as templates that ease the gen-
eration of amorphous CoMoP, by introducing abundant
defects and dense voids. Benefiting from the hierarchical
nanosheet arrays, amorphous structures, and the synergis-
tic effect of Co/Mo components, the a-CoMoP,./CF shows
better activity than the noble metal-based counterparts
for full water electrolysis. Employing the a-CoMoP,/CF as
the cathode and anode, a current density of 10 mA cm—2
can be attained at an applied cell potential of 1.581 V
(Figure 9B,C), with good stability at 100 mA cm~2 for
100 h (Figure 9D). Another study used a ZnO template
to develop O-incorporated NiMoP on NF (O-NiMoP/NF,
Figure 9E), which shows nanotube array architecture

with rich pores (Figure 9F).!°> The O-NiMoP/NF elec-
trode shows good activities toward both UOR and HER,
and using O-NiMoP/NF as the bifunctional electrode can
realize energy-saving hydrogen production, as schemati-
cally in Figure 9G. Compared with the noble metal-based
Pt/C/NFIIRuO,/NF couple, the O-NiMoP/NF electrodes
attain a current density of 50 mA cm~2 with much lower
energy consumption and a high hydrogen production FE
of 96.8% (Figure 9H,I).

7.1.3 | Heterostructure construction

To simultaneously meet the multiple requirements of
electrocatalysis, researchers have designed diverse het-
erostructures based on amorphous TM phosphides/
nitrides. Generally, two types of composites are studied,
the amorphous TM phosphides/nitrides-conductive
carbon hybrids and amorphous TM phosphides/nitrides-
electroactive materials hybrids. Loading amorphous
TM phosphides/nitrides on highly conductive carbon
materials can decrease particle aggregation and improve
electrical conductivity.* Zou et al. coupled amorphous
CoN,, nanoparticles within 3D N-doped graphene aerogel,
and the nanohybrid with hierarchical porous structure
and rich dual active sites (CoN,, and N, C) shows high OER
activities (1,0 = 295 mV).'** In 2020, Li et al. deposited
amorphous NiFe phosphides on a 3D N-doped carbon
paper (NCP), and the obtained NiFe-P/NCP OER electrode
takes a relatively low overpotential of 226 mV to attain
50 mA cm~2.1 In these studies, anchoring electroactive
species on 3D carbon materials benefits increased ECSA,
electron transfer, and mass transportation and, thus,
improves the catalytic performance. Interestingly, a recent
study suggested that carbon materials can regulate the
intrinsic catalytic of amorphous CoP.'°® The halogen
(X = F, Cl, and Br)-doped carbon dots (CDs) modified
amorphous CoP (X-CDs/CoP) was prepared via a two-step
reaction of hydrothermal treatment and phosphorization
(Figure 10A, F-CDs/CoP as an example). Compared with
Cl or Br-doped CDs/CoP, the F-doped sample exhibits
the best catalytic performance toward OER and HER
(Figure 10B). With good HER and OER performance, the
F-CDs/CoP can work as bifunctional catalysts for overall
water splitting with high efficiency and good durability
over 100 h (Figure 10C). In-depth density functional
theory (DFT) calculations reveal that F-CDs/CoP exhibits
lower energy barriers for both HER and OER than those
of Cl or Br-doped CDs/CoP (Figure 10D,E), and the
main reason is that the charge transfer between F-CDs
and CoP is more prominent compared with the other
X-CDs/CoP.
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Reproduced with permission: Copyright 2021, Wiley-VCH.'*

Hybridizing amorphous TM phosphides/nitrides
with other redox-active materials also gains great
interest. ~ Amorphous ~ CoP,-CoO,  composites,'®’
NiOOH@amorphous Ni-P,'®® Ni@amorphous NiP/C,*
mesoporous  Ni,P@FePO,H,,'” and  amorphous
Co,P@Co,P/Co-polyoxometalate/NF'/° are some rep-
resentative hybrids for ESM. In a triple-hierarchical
porous Ni(Cu)@NiFeP/NF catalyst prepared by a two-step
electrochemical process (Figure 10F), rich micropores
and nanotubes can be well observed (Figure 10G,H).*
The transmission electron microscopy image shows that
the crystalline Ni(Cu) is tightly covered by amorphous
NiFeP (Figure 10I). Such nanostructural, compositional,
and crystalline/amorphous features offer abundant elec-
troactive sites and shortened electron transfer pathways.
Thus, the Ni(Cu)@NiFeP/NF catalyst outperforms single
Ni(Cu), NiFeP, and even the Pt/C catalysts for HzOR
(Figure 10J,K).

7.2 | TM borides

Amorphous TM borides are efficient ESM electrocatalysts,
which feature facile preparation, high electrical conductiv-

ity, and high redox activity. Typically, the reverse electron
transfer from B to TMs in amorphous TM borides results
in enriched electrons on TMs and thus improves the
electrocatalytic process.”” To engineer high-performance
amorphous TM borides for ESM, current efforts focus on
nanostructure design, component regulation, heteroatom
doping, and heterostructure construction.

7.21 | Nanostructure design

Amorphous TM borides are generally synthesized by a
facile chemical reduction or electroless deposition process,
with NaBH, or KBH, as the reductant and boron source.”!
The violent chemical reaction often leads to severe aggre-
gation of boride particles, which limits the surface area
of boride catalysts. To overcome this issue, researchers
have developed a series of nanostructures by controlling
the reaction conditions (e.g., temperature, time, reactants
dosage, solvents, and precursors). For example, Li et al.
synthesized one-dimensional (1D) NiCoFeB nanochains
in the presence of polyvinyl pyrrolidone.””” 2D amor-
phous TM borides nanosheets with high surface areas
also have been designed, and studies of Nsanzimana et al.
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(TEM) image of Ni(Cu)@NiFeP/NM. (J) Hydrazine oxidation reaction (HzOR) polarization curves of NM, Ni(Cu)/NM, Ni(Cu)/NM,
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suggest that CoB, and Ni-FeB nanosheets with a higher
surface area show better OER performance than nanopar-
ticle counterparts.”>'”* What is more, the hierarchical
structure of mixed metal FeNiCuSnBs guarantees efficient
mass/charge transfer, sufficient electrochemical active
sites, and rich transportation channels for electrolytes and
produced oxygen gas.'”> Recent studies have innovated the
design of hierarchically structured amorphous TM borides
by using MOF as metal precursors.'”>!”” By performing
controllable boronization on the Co-Fe Prussian blue ana-
log, Wang et al. successfully developed self-supporting
CoFeB with rich electrochemical active sites and main-
tained nanocages-on-nanosheets structures.””® The self-
supporting boride electrode with multiple nanostructures
gives rise to high OER performance (7;y = 255 mV, Tafel
slope = 51 mV dec™).

7.2.2 | Component regulation

It is an efficient strategy to enhance amorphous TM
borides’ catalytic performance by chemical component
regulation. Compared with monometallic borides (e.g.,
FeB, NiB, and CoB), binary and ternary metal borides

with multimetallic active sites and multiple redox cou-
ples exhibit better performance.'””'! In a binary CoFeB
catalyst, the presence of Fe is suggested to stabilize Co
species in the high-oxidation state and to accelerate the
formation of OOH-like intermediates during OER.'®? It
should be noted that more metal species in borides do
not guarantee better OER activity. Cai et al. found that
the addition of Mo in FeNiB can enhance the OER perfor-
mance, whereas the presence of Mn reduces the catalytic
activity of FeNiB.'®* In-depth analysis indicates that the
incorporation of high-valent Mo%* (low-valent Mn?") into
NiFeB leads to decreased (increased) electron density near
the Fermi level because of the high (low) electron affinity
of Mo®* (Mn?*) and, thus, weakens (improves) the adsorp-
tion strength of oxygenated intermediate species. With reg-
ulated intermediates adsorption energies, the amorphous
ternary NiFeMoB catalyst takes a low OER overpotential
of 220 mV at 500 mA c¢cm~2. Incorporating anions into
amorphous TM borides also can boost electrochemical per-
formance. A representative is mixed metal-B-P catalysts,
such as Ni-Fe-P-B'®* and Fe-Ni-P-B-0'®. In the Ni-
Fe-P-B catalyst, the unique amorphous structure and the
metal-metalloid combined composition modulation give
rise to a good OER activity (1;o = 269 mV).!84
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7.2.3 | Heteroatom doping

Heteroatom doping is a universal and favorable method to
increase the catalytic activity of amorphous TM borides. !
In a Ce-doped amorphous NiB catalyst, the synergistic
effect of binary Ce and Ni metals contributes to high
OER activity.'®” In addition, the self-evolution of the cat-
alyst under the OER condition leads to the formation of
CeO,_, which acts as the electron acceptor and facilitates
the generation of crystalline high-valent nickel species,
leading to robust electrocatalysis. Besides cationic dop-
ing, Chen et al. developed an anion-cation dual doping
method to boost OER properties of FeB. The W, P co-doped
FeB catalyst was fabricated with a chemical reduction
process (Figure 11A).*> The W, P co-doped FeB catalyst
presents a high OER activity in the alkaline electrolyte
(o = 209 mV). It is disclosed that the anion (B and

P) etching facilitates the evolution of FeOOH. Further
DFT calculations indicate W dopants can boost the intrin-
sically catalytic activity by improving the conductivity
(Figure 11B) and tuning adsorption/desorption energies of
OER intermediates (Figure 11C). Another study has devel-
oped a P-doped NiB for the electrochemical oxidation of
HMEF. The P dopant leads to relative the displacement
of electrons from the surface Ni and increased surface
Ni(OH), species, which increases the yield of FDCA from
75.5% of NiB to 90.6% (Figure 11D).”!

7.2.4 | Heterostructure construction

Loading amorphous TM borides on conductive/large
area substrates or electroactive materials to construct
efficient heterostructures for ESM has been successfully
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implemented.'®® Substrates like reduced graphene
oxide,'®® graphitic carbon nitride,'**!°! black phosphorus
sheets, 192 and carbon nanofiber'>-1% can enhance the
catalytic performance of amorphous TM borides. These
substrates with large surface areas are deemed to disperse
boride particles and thus enlarge the electroactive surface
area. In addition, the interaction between borides and
substrates can modify borides’ electronic structures and
upgrade the catalytic property.'”® For instance, the 2D/2D
exfoliated black phosphorus (EBP) nanosheet/amorphous
CoFeB nanosheets heterostructure (EBP/CoFeB) with
wrinkled surface morphology prepared by a chemical
reduction method (Figure 12A,B) manifests high OER
activities (1,0 = 227 mV, Figure 12C) with excellent stability
in the basic electrolyte. In-depth investigations indicate

that the electronic interactions and O affinity difference
between CoFeB and EBP can balance the absorption
behavior of reaction intermediate for improving the OER
and MOR process (Figure 12D).>® By tuning the absorption
strength of oxygen-containing intermediates, BP-based
heterostructures would significantly facilitate the catalytic
process.

Some studies also have used electroactive materials to
support amorphous TM borides, such as Ni hydroxide'*®
and pyrite-type boron sulfide.””” With a chemical sur-
face etching process, the Ni hydroxide phase was formed
together with the metallic NiB phase.'® The obtained
F-Ni,B/Ni(OH), catalyst with two phases coexisting on
the surface can utilize the abundant adsorption sites in
the Ni(OH), phase as well as the excellent electrical
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conductivity of the Ni, B phase. Thus, the F-Ni,B/Ni(OH),
composite outperforms the single Ni,B and the noble
metal-based RuO, catalyst for OER (Figure 12E,F). In the
amorphous FeCoNiB, coated ternary pyrite-type boron
sulfide (FeCoNiB,/NijgFej;Coq;S,B,) catalyst, B atoms
reconfigure the electronic structure of metals via down-
shifting the d-band center and regulating intermediates’
binding energies.'”” Moreover, the metallic boride coat-
ing enhances the conductivity for OER, and thus, a high
activity is attained (55, = 392.4 mV).

7.3 | TM oxometallates

Amorphous TM oxometallates with rich oxygen compo-
nents such as phosphates,®* borates,'”® selenites,'” and
silicates*’ are emerging electrocatalysts for ESM. It is sug-
gested that the oxyanions (e.g., PO,>~ and BO;>") of TM
oxometallates with large negative charges can serve as
proton carriers and facilitate the proton transfer process;
also, they can stabilize the local pH environment during
ESM.2%9-202 The development of TM oxometallates-based
catalysts mainly concentrates on nanostructure design,
heteroatom doping, and heterostructure construction.

7.3.1 | Nanostructure design

To achieve an excellent ESM activity, endowing cata-
lysts with architectural merits like high surface area
and rational pore hierarchy is a sound option. In this
context, porous 2D nanosheets,””® 3D nanostructures,’’*
and hierarchical nanostructures® are preferred choices.
Starting from 2D Co phosphonate organic frameworks,
Guo et al. developed amorphous Co phosphate porous
nanosheets via calcination.’”> The porous structure pro-
vides the amorphous Co phosphate with a large free
space, increased the distribution of electroactive centers,
and facilitated hydroxide diffusion during the OER pro-
cess. Similarly, in a microporous 2D NiCoFe phosphate
nanosheet catalyst, the microporous confinement in a 2D
orientation would decrease the resistance of mass trans-
port, enlarge the ECSA, and enhance the diffusion of
0, products.’’® The study by Dastafkan et al. suggests
that the amorphous iron borate film shows high sur-
face wettability that facilitates efficient O, dissipation and
improved mass transfer during OER.?’ In addition, the
3D hierarchical structure of nickel borate contributes to
high UOR performance.’”® Hence, the multiple effects
of nanostructure on catalysts’ properties (e.g., surface
area, surface wettability, and reactant/product transporta-
tion) should be thoroughly checked in further catalyst
design.

7.3.2 | Heteroatom doping

Doping is widely applied to regulate the electronic prop-
erties of materials, which can further tune the intrinsic
catalytic performance. Both anionic and cationic dop-
ings have been implemented to boost amorphous TM
oxometallates’ ESM performance. For example, Wang
et al. developed an N-doped amorphous CoFe selenites
catalyst through a hydrothermal treatment-calcination
process.*® The N-dopant can tailor the electronic struc-
ture of CoFe selenites and thus leads to a high OER
performance (7, = 242 mV, Tafel slope = 59.1 mV dec™).
Compared with anionic doping, cationic doping is more
prevalent, and the most frequently used dopants are Fe
and Ni.*+64209.210 Generally, cationic doping can improve
the electrical conductivity and modify catalysts’ electronic
structures, thereby upgrading the catalytic performance.
In addition, Yang et al. suggested that the Ni dopants in
Co phosphate can promote the in situ surface reconstruc-
tion evolving into electroactive metal oxyhydroxides under
the OER conditions.**

7.3.3 | Heterostructure construction

Amorphous TM oxometallates-based hybrids have been
well studied for ESM. In most cases, the amorphous TM
oxometallates are coated onto the surface of electroactive
materials or conductive carbons.”®?':?> In an amor-
phous NiFe-borate layer covered NiFe LDH nanoarray
(NiFe-LDH@NiFe-Bi) catalyst, the amorphous NiFe-Bi
shell significantly promotes the evolution of electroactive
NiOOH phases on NiFe-LDH surface.?'® Differently, in the
crystalline Ni phosphate (Ni(PO3),)@amorphous CoFe
phosphate (CoFePi) catalyst developed by a hydrothermal
process-dipping-phosphorization method (Figure 13A),*
the sufficient electroactive sites, excellent electrical con-
ductivity, and high structural stability arise from the
amorphous-crystalline composite contribute to its good
OER performance. Amorphous TM oxometallates/carbon
hybrids can be synthesized in a more facile way; as shown
in Figure 13B, the Co borate (Co-Bi)/graphene compos-
ite was obtained with a chemical reduction process.”'*
In the Co-Bi/graphene heterostructure, the graphene sup-
ports can not only guide the formation of 2D ultrathin
borate nanosheet structure but also expedite electron
transfer to promote OER kinetics. Moreover, the syner-
gistic coupled effects between graphene and Co-Bi sup-
port charge transport, thereby contributing to superior
OER performance in both alkaline and neutral solu-
tions. The structure reconstruction of amorphous TM
oxometallates/carbon hybrids has been examined on the
amorphous Fe-doped Ni phosphate-carbon nanohybrid
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(a-NiFePO-C).?"> Compared with its crystalline counter-
part, the higher OER activities of a-NiFePO-C are due to
its more complete self-reconstruction induced highly elec-
troactive Fe(IIT)-NiOOH-carbon structures (Figure 13C),
and low charge-transfer resistance.

8 | CONCLUSIONS AND PERSPECTIVES

Designing efficient amorphous low-cost ESM catalysts
is an urgent task in advancing hydrogen energy. This
review provides a critical analysis of recent achieve-
ments in the design of amorphous TM-based catalysts for
ESM. The main features of amorphous catalysts include
large SSA, flexible electronic structure, and deep structure
reconstruction. Powerful catalyst design strategies such as
nanostructure design, component regulation, heteroatom
doping, and heterostructure construction have been suc-
cessfully implemented to design efficient TM alloys,
(hydr)oxides, chalcogenides, phosphides, nitrides, borides,
and oxometallates for ESM (Scheme 2). These strategies
can efficiently improve the catalytic performance of amor-

phous materials by providing more electroactive sites,
ensuring fast mass/charge transfer, enlarging ECSA, reg-
ulating catalysts’ electronic properties, and improving the
structure stability.

Despite current achievements, some critical issues
deserve further study:

1. Developing new techniques to realize the large-scale
production of low-cost amorphous electrocatalysts is
highly urgent. Reducing amorphous TM-based elec-
trocatalysts’ fabrication costs is an urgent mission,
which would largely improve their cost-effectiveness.
Given the environmental impact of catalyst prepa-
ration, it is favorable to employ methods with low
energy consumption and/or carbon emissions such as
chemical precipitation, electrodeposition, flash Joule
heating, ball milling, and plasma synthesis. In addi-
tion, it is necessary to design protocols for large-scale
catalyst preparation to meet the demand of industrial
applications.

2. Innovating novel catalyst design strategies to enhance
catalytic performance is necessary. Compared with one
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individual strategy (e.g., doping, nanostructure control,
heterostructure construction, or component optimiza-
tion), the co-implementation of multiple strategies
would combine the advantages of individuals and lead
to optimal catalysts. Considering the rapid develop-
ment of single-atom catalysts, combining single/dual-
atom catalysts with amorphous TM nanomaterials
might lead to highly efficient catalysts for ESM. More-
over, by combining the catalytic properties of different
metals, the development of amorphous high entropy
catalysts would generate novel catalyst systems.

. It is suggested to utilize different advanced techniques
(e.g., X-ray absorption spectroscopy, high-resolution
transmission electron microscopy, and DFT calcula-
tions) to figure out the fine structure of amorphous
catalysts, which could assist the interpretation of the
structure-performance relationship and guide future
catalyst design. Of note, it is still challenging to deter-
mine the exact structure of amorphous catalysts due to
the feature of long-range disorder, which significantly
hinders the computations of amorphous catalysts. In
this context, it is necessary to figure out the structure
of amorphous materials with advanced X-ray tech-
niques (e.g., X-ray absorption spectroscopy), atomic
electron tomography, fluctuation electron microscopy,
and so on before performing DFT calculations and
molecular dynamics simulations. Another issue is that
most TM-based catalysts undergo in situ structure self-
reconstruction during electrooxidation processes, and

-
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thus, it is important to track catalysts’ structure self-
transformation and understand the dynamic evolution
of electroactive sites.

. Implementing amorphous catalysts in industrial appli-

cations is necessary for their further applications. Cur-
rently, most electrochemical tests are performed on
a laboratory scale, which is far from industrial con-
ditions. Accordingly, measuring catalysts’ activities at
high current densities and long testing periods would
help to take catalysts’ application one step further. This
requires the development of high-performance cata-
lysts and large-scale electrochemical reactors. Aside
from water electrolysis that only produces high-
purity gaseous products, the electrolysis of alcohols
and complex biomass will generate value-added lig-
uid products that require separation and purification
facilities.

. Aside from electrochemical oxidation of small

molecules to produce value-added chemicals/fuels,
it is significant to apply amorphous catalysts in
other fields to address pressing environmental and
energy challenges, such as inorganic/organic pollu-
tant oxidation/reduction, oxygen reduction, carbon
dioxide/carbon monoxide reduction, nitrogen/nitrate
reduction, hydrogen oxidation, and biowaste con-
version. With high redox properties and low cost,
amorphous TM-based catalysts would help to improve
the catalytic reaction efficiency and save energy input
for different applications.
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