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Abstract 15 

Amorphous structural design offers a compelling route to raise the efficiency and durability of 16 
electrochemical water splitting. In contrast to crystalline lattices with activity confined to specific 17 
facets or grain boundaries, amorphous frameworks provide dense populations of under-18 
coordinated sites, flexible local bonding that moderates adsorption energetics, and percolating 19 
pathways for electron/ion transport. These disordered phases can minimize interfacial resistance 20 
and, when coupled with hydrophilic surface chemistry and hierarchical porous/rough electrode 21 
architectures that often accompany amorphous coatings, enhance electrolyte access and gas-bubble 22 
removal during high-current operation, sustaining performance across diverse media. As a result, 23 
amorphous electrocatalysts can deliver competitive overpotentials and favorable kinetics in many 24 
systems, particularly when defect-rich phases are integrated with conductive scaffolds; however, 25 
performance remains system- and electrolyte-dependent. 26 

This review assembles a structure-property-performance perspective on amorphous catalysts for 27 
water splitting. We show how short-range order, defect chemistry, and compositional tolerance can 28 
be orchestrated through accessible syntheses to tune intrinsic activity beyond rigid crystals. 29 
Collectively, the evidence positions amorphous architectures as a generalizable, manufacturable 30 
pathway to efficient, durable, and cost-effective water-splitting catalysts under realistic conditions. 31 
Although prior reviews discuss amorphous electrocatalysts, many focus on a single half-reaction 32 
or specific material families/architectures, limiting transferability into a unified design roadmap. 33 
Here, we bridge this gap by combining (i) reaction fundamentals and evaluation metrics, (ii) a 34 
synthesis-oriented discussion of how routes generate distinct amorphous structures, and (iii) a 35 
reaction-by-reaction analysis of HER, OER, and overall water splitting, enabling readers to match 36 
synthesis strategies to targeted reactions and performance goals. 37 
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1.1 Introduction 40 

The increasing global population and consequent climate change have heightened the need for 41 
dependable energy production and storage 1. Nowadays, owing to reasons such as the 42 
environmental harm caused by fossil fuels, their major depletion due to excessive usage, and their 43 
non-renewable nature, researchers have increasingly concentrated on discovering acceptable 44 
alternatives 2–4.  Given the disadvantages of fossil fuels, the optimal substitute must exhibit 45 
essential attributes such as renewability, sustainability, and minimum environmental impact to 46 
adequately mitigate the shortcomings of traditional fossil energy sources 5.  47 

Hydrogen is regarded as a viable substitute for traditional fossil fuels due to its elevated 48 
gravimetric energy density (120 MJ/kg), superior energy conversion efficiency, and the production 49 
of water as the only byproduct, in contrast to the harmful gases like carbon dioxide emitted by 50 
fossil fuels 6,7. In addition, hydrogen is widely used in applications such as hydrocracking of crude 51 
oil, methanol synthesis, and ammonia production 8. Hydrogen does not exist naturally in its 52 
elemental state and must be synthesized using designated techniques 9. The predominant technique 53 
used is steam reforming, necessitating elevated temperatures and pressures, and leading to 54 
greenhouse gas emissions 10. Consequently, establishing an effective and eco-friendly approach 55 
for hydrogen generation is a primary focus for researchers 11.  56 

Electrochemical water splitting is considered an environmentally friendly and pollution-free 57 
method for hydrogen production, making it a promising alternative to conventional approaches 58 
12,13. The water splitting reaction consists of two main half-reactions: the anodic Oxygen Evolution 59 
Reaction (OER) and the cathodic Hydrogen Evolution Reaction (HER) 14. As illustrated in Figure 60 
1a, hydrogen is generated during electrolysis at the cathode (HER), while oxygen is simultaneously 61 
evolved at the anode (OER), and the produced H2 can then be directed to various downstream 62 
applications (Figure 1b). 63 

 

(a) 



 

 64 

Figure 1. (a) Schematic illustration of hydrogen production via the water splitting process; (b) 65 
The potential applications of the produced hydrogen. 66 

 Ideally, the water splitting reaction occurs at 1.23 V 15. However, in practice, it requires higher 67 
voltages due to kinetic limitations 16. To reduce the required voltage and bring it closer to 68 
theoretical value, the use of electrocatalysts presents an effective solution 17,18. Catalyst structure 69 
has become the decisive lever for lowering kinetic barriers in both the OER and HER. Whereas 70 
conventional crystalline electrocatalysts offer well-defined facets and robust band transport, their 71 
activity is often confined to a limited set of surface terminations and grain boundaries. By contrast, 72 
amorphous materials, lacking long-range order but retaining short-range coordination, present a 73 
dense population of under coordinated metal sites, flexible bond environments, and defect rich, 74 
percolating networks 19. These features collectively increase the number of accessible active sites, 75 
relax adsorption-desorption energetics for key intermediates, and facilitate rapid interfacial charge 76 
transfer 20,21. Moreover, the absence of long range order yields dense populations of under-77 
coordinated sites, flexible local bonding that tunes adsorption energetics, and continuous 78 
percolation pathways for electron/ion transport 22,23. When grown directly on conductive scaffolds 79 
or implemented as binder-free coatings, they minimize contact resistance and can improve 80 
electrolyte replenishment and gas removal, primarily through the accompanying surface chemistry 81 
and hierarchical micro/nanostructure (roughness/porosity) often produced during amorphous 82 
synthesis and electrochemical activation, and sustain performance at practical current densities 24. 83 
Their broad compositional tolerance enables synergistic multi-metal and multi-anion effects, while 84 
the defect tolerant network generally imparts mechanical and chemical robustness during 85 
prolonged operation 21,25. 86 

While amorphization is frequently associated with higher apparent activity, a higher degree of 87 
disorder does not automatically guarantee superior electrocatalysis. Excessive structural disorder 88 
may compromise long-range electronic percolation, reduce the persistence of catalytically 89 
competent local motifs, or accelerate dissolution/reconstruction under bias, thereby penalizing 90 
sustained performance. Recent perspectives instead emphasize short- to medium-range order as a 91 
key descriptor: retaining chemically meaningful coordination environments within a disordered 92 
matrix can preserve favorable adsorption energetics while maintaining transport pathways 26. In 93 
practical electrode architectures, this often manifests as an “optimal disorder window,” and is one 94 
reason why amorphous-conductive hybrids, where the amorphous domain supplies site density 95 

(b) 



and the ordered/metallic domain supplies conductivity and mechanical integrity, frequently 96 
outperform either extreme 27,28. 97 

Recent review articles have undoubtedly advanced the field, but they are often segmented in ways 98 
that limit their use as a practical guide for materials design. A substantial portion of the literature 99 
is organized around one half-reaction, most commonly OER-focused discussions of amorphous 100 
catalysts, which are highly valuable but do not simultaneously guide HER and overall water 101 
splitting design choices 29. Other reviews are highly focused on a specific architecture (e.g., 102 
amorphous-crystalline heterostructures) or a specific catalyst class (e.g., amorphous noble-metal 103 
systems or high-entropy amorphous catalysts), which provides depth but can leave readers without 104 
a unified synthesis roadmap across the broader range of amorphous structures relevant to 105 
HER/OER/overall water splitting 30–32. Additionally, broader “amorphous electrocatalysis” 106 
reviews cover multiple reactions beyond water splitting, so water-splitting-specific synthesis 107 
decisions and structure–function comparisons can become less explicit 33. 108 

Motivated by these advantages, the purpose of this review is to provide a single, synthesis-guided 109 
framework for amorphous electrocatalysts in water splitting that connects “how the amorphous 110 
structure is made” with “how it is used” across HER, OER, and overall water splitting, and we 111 
clarify where amorphous phases match or outperform crystalline analogues under similar 112 
chemistry and experimental protocols, while it is clear that crystalline benchmarks remain more 113 
effective in some conditions (e.g., rutile IrO2 in acidic OER; high-activity crystalline 114 
oxides/perovskites in alkaline media). The main contributions and novelties are: (1) a consolidated 115 
overview of HER and OER fundamentals to anchor interpretation of activity trends; (2) a 116 
synthesis-oriented comparison of routes used to produce amorphous structures (and amorphous-117 
derived structures), explaining what structural features each route tends to generate and how these 118 
features can be intentionally selected; (3) a reaction-by-reaction discussion of amorphous catalysts 119 
for HER and OER, followed by an integrated view of overall water splitting, which highlights how 120 
bifunctionality is achieved and evaluated; and (4) a practical “reader’s roadmap” that helps 121 
researchers choose amorphous-structure synthesis strategies that align with the targeted reaction 122 
and operating conditions. 123 

1.2 Fundamental Mechanisms 124 

The first concept of an electrochemical cell, consisting of three primary components: an anode, a 125 
cathode, and an electrolyte, was presented in 1789 12. In this cell, two half-reactions transpire at 126 
the electrodes: the cathodic HER and the anodic OER, resulting in the production of hydrogen 127 
and oxygen gases 34. The comprehensive water splitting process is shown in Equation 1. 128 

H2O (l) → H2(g) + 
1

2
O2 (g)                            (1) 129 

Although water is a relatively stable molecule, it has inadequate electrical conductivity; and the 130 
conductivity of water is greatly affected by the pH of the electrolyte; acidification or alkalization 131 
of the environment improves ion transport 35. Furthermore, the pH of the electrolyte influences the 132 
reaction pathways of the anodic and cathodic processes, which adhere to different mechanisms in 133 
acidic and alkaline environments, as seen in the equations below 36. 134 

Cathodic reactions: 135 

 4H++ 4e- → 2H2 (In acidic medium)               (2) 136 

4H2O + 4e-→ 2H2 + 4OH
-
 (In basic medium)              (3) 137 



Anodic reactions: 138 

2H2O → O2 + 4H++ 4e- (In acidic medium)               (4) 139 

4OH
-
 → O2 + 2H2O + 4e- (In basic medium)              (5) 140 

Theoretically, the water-splitting process is expected to occur around 1.23 V 35. In fact, even with 141 
commercial electrocatalysts, an extra voltage of 0.55 to 0.77 V is often necessary 37. The voltage 142 
difference is referred to as overpotential (η), which mostly results from numerous resistances 143 
inside the electrochemical cell that impede electron transmission and decelerate reaction kinetics 144 
38. Current studies mostly concentrate on the advancement of electrode materials to substantially 145 
diminish this overpotential 39. This approach may significantly reduce the total energy 146 
consumption and, therefore, the cost of hydrogen and oxygen production via water splitting 40. In 147 
the following sections, a more detailed explanation of the mechanisms and pathways involved in 148 
the production of hydrogen and oxygen will be provided. 149 

1.2.1 Fundamentals of the HER 150 

The mechanism of the HER has been thoroughly examined by scholars.  It has been shown that, 151 
in both acidic and alkaline electrolytes, the hydrogen evolution reaction typically occurs via three 152 
essential phases 41. The particular chemical pathways vary according to the pH of the electrolyte 153 
35.  The following equations illustrate the distinct reaction stages for the HER in both acidic and 154 
alkaline environments (the * shows the active site of the electrocatalyst) 42. 155 

Volmer: 156 

H++ e- → H* (In acidic medium)                (6) 157 

H2O + e-→ H* + OH
-
 (In basic medium)               (7) 158 

Heyrovsky: 159 

H++ e- + H* → 2H2 (In acidic medium)               (8) 160 

H2O + e-→ H2 + OH
-
 (In basic medium)               (9) 161 

Tafel: 162 

2H* → H2 (In acidic and basic medium)             (10) 163 

Irrespective of the electrolyte's acidity or alkalinity, the first phase of the HER entails the 164 
adsorption of hydrogen atoms onto the electrocatalyst's surface 43. This phase is referred to as the 165 
Volmer reaction, whereby hydrogen intermediates are generated 44. The subsequent phase is the 166 
desorption of H2, which may occur via two distinct pathways: an electrochemical method or a 167 
chemical approach. These are designated as the Heyrovsky and Tafel reactions, respectively 45. In 168 
the Heyrovsky reaction, the adsorbed hydrogen intermediate interacts with either a proton in acidic 169 
conditions or a water molecule in alkaline conditions to generate hydrogen gas 46. In contrast, the 170 
Tafel reaction involves the chemical recombination of two adsorbed hydrogen intermediates to 171 
form molecular hydrogen 47. Figure 2a provides a graphical representation of the reaction pathways 172 
involved in the HER, illustrating the sequence of steps and the associated intermediates. 173 

To identify the rate-determining step among the three primary phases in a certain HER process, 174 
the Tafel slope obtained from the HER polarization curve is often examined. The value of the Tafel 175 
slope provides insight into the reaction mechanism 48. The Tafel slopes of roughly 29.5 mV/dec, 176 



39 mV/dec, and 118 mV/dec indicate that the Tafel, Heyrovsky, and Volmer steps are the rate-177 
limiting processes, respectively 49.  178 

A crucial measure that offers significant insights into the performance of various materials in the 179 
HER process is the hydrogen adsorption free energy (ΔG

H*) 50. The correlation between exchange 180 
current density and Gibbs free energy of hydrogen adsorption is often shown by a volcano plot 181 
(Figure 2b) 51. A substantially positive ΔG

H*  signifies a weak contact between hydrogen atoms and 182 
the electrocatalyst surface, making the Volmer step the rate-limiting phase. Conversely, if ΔG

H* is 183 
significantly negative, the adsorbed hydrogen exhibits excessive binding to the surface, impeding 184 
its desorption and hence retarding the Tafel or Heyrovsky steps 52. Figure 2b illustrates that 185 
platinum (Pt) is positioned toward the apex of the volcano plot, with a ΔG

H*  value approaching 186 
zero. This signifies an ideal equilibrium between hydrogen adsorption and desorption, establishing 187 
Pt as a superior electrocatalyst for HER, a conclusion corroborated under realistic operating 188 
conditions. 189 

  

Figure 2. (a) Schematic paths for the HER in acidic and alkaline environments 53; (b) Exchange 190 
current density vs Gibbs free energy plot 54. 191 

1.2.2 Fundamentals of the OER 192 

In contrast to the HER process, the OER, the complementary half-reaction in total water splitting, 193 
demonstrates markedly slower kinetics and necessitates a greater overpotential to occur  55. This is 194 
mainly because to the intricacy of the OER process, which encompasses four proton-coupled 195 
electron transfer stages and the difficult creation of the O–O bond 56. The OER is a multifaceted 196 
and intricate reaction, with its mechanism significantly influenced by the structure and content of 197 
the electrode material 57. The commonly known OER processes in both acidic and alkaline 198 
environments are delineated as follows 58. 199 

In acidic environments: 200 

H2O + * → *OH + H++ e-               (11) 201 

*OH → *O + H++ e-                (12) 202 

*O + H2O → *OOH + H++ e-              (13) 203 

*OOH  → O2 + H++ e- + ∗               (14) 204 

In alkaline environments: 205 

* + OH− → *OH + e-                           (15) 206 

(a) (b) 



*OH + OH− → *O + H2O + e-              (16) 207 

*O + OH− → *OOH + e-               (17) 208 

*OOH + OH− → O2 + H2O + e- + ∗              (18) 209 

The * denotes the active spots on the surface of the electrocatalyst. The combining of the newly 210 
created intermediates, *O, *OOH and *OH to gaseous oxygen is very challenging owing to the 211 
significant thermodynamic barrier 59. This is the main reason behind the sluggish kinetics of the 212 
OER and the relatively high overpotential required to drive the reaction. Additionally, the oxygen 213 
evolution pathway is illustrated in Figure 3a. Prior theoretical investigations have shown that the 214 
binding energies of intermediary species in the process are linked by scaling connections 60. This 215 
indicates that catalytic activity is often characterized by a single descriptor, such as the Gibbs free 216 
energy differential between O* and HO* 61. The catalytic performance of OER, when graphed 217 
against this description, often produces a volcano-shaped curve , like to that seen in HER, as shown 218 
in Figure 3b 62. The volcano figure indicates that peak catalytic efficiency occurs when the binding 219 
affinities of the intermediates are ideally matched 63. The volcano plot offers a qualitative 220 
assessment of the efficacy of different structures in the OER process 64.  It functions as an essential 221 
instrument for directing the logical design and forecasting of novel electrocatalyst structures 65. 222 

 Figure 3b illustrates that Ru-based structures have superior performance in the OER owing to 223 
their proximity to the apex of the volcano plot 66.  The increased catalytic activity has been 224 
repeatedly validated by experimental findings. 225 

 

 

Figure 3. (a) The oxygen evolution reaction (OER) proceeds via different pathways under acidic 226 
(blue line) and alkaline (red line) conditions. One common route, shown by the black line, 227 

involves the formation of a peroxide intermediate (M–OOH). Alternatively, a direct coupling 228 
between two neighboring oxo species (M–O), represented by the green line, can also lead to O2 229 

production 67; (b) Volcano plot for OER on metal oxides 68. 230 

1.2.3 Volcano plot under structural disorder 231 

Volcano plots are commonly used as design maps because they compress complex multistep 232 
electrochemical kinetics into a small set of thermodynamic descriptors. For HER, the key 233 
descriptor is typically the hydrogen adsorption free energy (ΔGH*), with optimal performance near 234 
thermoneutral binding (ΔGH* ≈ 0), as established by DFT-derived adsorption energetics and 235 
exchange-current trends 42. For OER on oxides, descriptor-based volcano relationships emerge 236 
from scaling relations among oxygenated intermediates (*OH, *O, *OOH); in the conventional 237 
adsorbate-evolution mechanism, the near-linear scaling between OOH and OH introduces a well-238 

(a) (b) 



known thermodynamic bottleneck and motivates the use of descriptors such as ΔGO - ΔGOH to 239 
compare catalysts on a common activity map 69. 240 

A critical nuance for amorphous electrocatalysts is that “a single volcano position” is often ill-241 
defined. Unlike a crystalline facet with a small number of symmetry-equivalent adsorption sites, 242 
amorphous solids expose a statistical ensemble of local motifs (coordination environments, 243 
strained bonds, vacancies, and mixed-anion/cation neighborhoods). Consequently, adsorption 244 
thermodynamics are better represented as a distribution of descriptor values rather than a single 245 
number, and the catalytic response can be dominated by a subpopulation of near-optimal sites. This 246 
is consistent with defect arguments even for crystalline metals, where low-coordination sites can 247 
contribute disproportionately by shifting adsorption energetics toward the volcano optimum 42. In 248 
practical terms, volcano placement of amorphous catalysts is most rigorous when reported as either 249 
(i) a mean +/- spread across representative sites generated from atomistic models (for example, 250 
melt-quench structures with site sampling), or (ii) a bounded range inferred from chemically 251 
distinct motifs exposed under operating conditions 70. 252 

Operando reconstruction and coverage effects further “move” amorphous catalysts on the volcano 253 
map. Many amorphous and amorphous-rich precatalysts undergo potential-driven surface 254 
evolution (hydration/oxidation, anion exchange, and formation of (oxy)hydroxide skins), meaning 255 
the relevant descriptor should correspond to the active state under bias rather than the as-256 
synthesized phase. In addition, for OER in particular, adsorption energetics can be strongly 257 
coverage-dependent: operando studies on amorphous IrOx versus rutile IrO2 demonstrate that 258 
increasing *O coverage weakens *O binding via repulsive adsorbate-adsorbate interactions 259 
(quantified by an interaction parameter r), thereby shifting effective binding toward the optimal 260 
descriptor region at reaction-relevant potentials 71. This observation illustrates a broader 261 
implication for amorphous materials: higher densities of redox-active centers and flexible local 262 
coordination can increase active-state coverage, altering the effective binding energetics under 263 
operation and changing the apparent volcano position relative to a zero-coverage descriptor. 264 

Representative amorphous case studies highlight how disorder reshapes descriptor values. For 265 
alkaline HER, direct observation of in situ surface amorphization in Ru-doped NiPS3 nanosheets 266 
shows that the reconstructed amorphous layer introduces motifs that tune hydrogen adsorption into 267 
a favorable window (reported H* adsorption energies spanning approximately -0.16 to 0.35 eV 268 
across candidate sites) while also mitigating poisoning by separating H* and OH* adsorption sites; 269 
this coincides with substantially reduced η10 relative to the undoped analogue 72. For engineered 270 
metallic systems, atomistic modeling of amorphized alloy/HEA surfaces similarly adopts a site-271 
sampling approach to compute average H* adsorption free energies for amorphous versus 272 
crystalline regions, reinforcing that amorphization can measurably shift adsorption energetics 273 
through electronic-structure redistribution 70. Collectively, these results motivate a disorder-aware 274 
use of volcano plots in amorphous electrocatalysis: rather than treating amorphousness as a 275 
qualitative label, one should relate quantified local structure (short-/medium-range order and 276 
defect chemistry) to descriptor distributions and to the reconstructed active state that is kinetically 277 
relevant under operating conditions. 278 

1.3 Electrocatalyst Evaluation  279 

Electrocatalyst performance is commonly assessed through several kinetic metrics, such as 280 
overpotential and Tafel slope, along with parameters like turnover frequency (TOF), 281 



electrochemical impedance spectroscopy (EIS), electrochemical surface area (ECSA), and long-282 
term stability. 283 

1.3.1 Overpotential 284 

This parameter is an essential requirement for assessing the performance of electrocatalysts in 285 
water splitting. The overpotential of an electrochemical process is the additional potential 286 
necessary to facilitate a specific electrochemical reaction at a practical rate, exceeding its 287 
thermodynamic (reversible) potential. The reversible potential for the HER is 0 V relative to the 288 
standard hydrogen electrode (SHE), whereas for the OER, it is 1.23 V relative to SHE. 289 
Consequently, the overpotentials for these two processes can be determined using the following 290 
equations, respectively 73–75: 291 

ηHER =  ERHE − 0 V                (19) 292 

ηOER =  ERHE − 1.23 V               (20) 293 

Resistance overpotential significantly influences the total overpotential experienced in 294 
electrochemical operations. To account for its influence, one may manually modify the recorded 295 
values by computing the product of current density and resistance acquired from the Nyquist plot 296 
derived using EIS. An alternative method involves implementing IR compensation in real-time via 297 
the electrochemical workstation during the experiment 76,77. 298 

1.3.2 Tafel analysis 299 

Tafel analysis is an effective technique for assessing the activity and kinetics of electrocatalytic 300 
events. It offers various critical parameters, including exchange current density (j0), transfer 301 
coefficient (α), Tafel constant (η at unit current density, i.e., η when j = 1), and Tafel slope (

2.303RT

αnF
).  302 

Among these, j0 and the Tafel constant are regarded as activity descriptors, whereas the Tafel slope 303 
and α function as kinetic descriptors.  Tafel slopes are frequently employed to ascertain the rate-304 
determining step (RDS) of the reaction.  The transfer coefficient (α) indicates the ease with which 305 
the reaction occurs on the surface of the electrocatalyst 78.  The Tafel equation is presented below: 306 

η = a + b log(j)                (21) 307 

 Where η is the overpotential, j is the current density, a/or (
2.303RT

αnF
log(j0)) is the Tafel intercept, 308 

and b or (
2.303RT

αnF
) is the Tafel slope. This connection elucidates the correlation between 309 

overpotential and current density, enhancing the comprehension of reaction mechanisms and 310 
catalytic behavior 79,80. 311 

1.3.3 Turnover frequency 312 

TOF is a clear and direct intrinsic activity metric that signifies the efficiency with which a catalyst 313 
promotes a certain reaction.  It is defined as the quantity of reactant molecules transformed (or 314 
product molecules generated) per active site per unit of time.  This measure offers significant 315 
insight into the inherent catalytic efficacy, irrespective of surface area or catalyst quantity 81. TOF 316 
can be determined using the subsequent equation:  317 

TOF =  
JA

αFn
                 (22) 318 

In this context, j (mA cm-2) refers to the current density of the sample at a given potential measured. 319 
A represents the surface area of the working electrode, while α denotes the number of electrons 320 



involved per mole, accounting for both the catalyst and the desired product. F stands for Faraday’s 321 
constant (96485.3 C mol-1). The term n indicates the number of moles of metal present on the 322 
electrode, calculated by dividing the mass of the catalyst (m, in grams) by its molecular weight 323 
(M, in g mol-1) 82,83. 324 

1.3.4 Electrochemical impedance spectroscopy 325 

EIS is an essential method for assessing electrocatalysts 84.  The process is applying an alternating 326 
current (AC) potential to assess the impedance (Z) of an electrochemical system, wherein Z 327 
fluctuates with frequency.  Impedance denotes the correlation between voltage and current inside 328 
the system 85.  To analyze EIS data, the resulting spectra are generally fitted to an equivalent circuit 329 
model consisting of components such as resistors and capacitors.  These circuit components signify 330 
fundamental physical phenomena, encompassing charge and mass transfer, double-layer 331 
capacitance, film resistance, and electrolyte conductivity 86.  By aligning the experimental results 332 
with a suitable circuit, one can derive numerical values that match to the features of these 333 
phenomena. 334 

1.3.5 Electrochemical surface area 335 

ECSA is a crucial metric for evaluating the inherent catalytic activity of electrocatalysts, as it 336 
represents the double-layer capacitance 87.  To ascertain the ECSA, the double-layer capacitance 337 
(Cdl) is initially derived via cyclic voltammetry (CV) performed within a non-Faradaic potential 338 
range 88,89.  CV curves are obtained at different scan rates, and the disparity between anodic and 339 
cathodic currents at a certain potential is graphed against the respective scan speeds.  The slope of 340 
the resultant linear fit, when divided by two, provides the value of Cdl 

90. The ECSA can 341 
subsequently be determined using Equation 22, derived from this capacitance 91. 342 

ECSA = 
Cdl

Cs
                 (22) 343 

Cs represents the standard capacitance, which is dependent upon the electrolyte's properties 92.  344 

1.3.6 Stability 345 

Stability is a key criterion in evaluating the overall efficacy of an electrocatalyst.  Considering that 346 
electrodes frequently function under severe, reductive circumstances, it is imperative to assess both 347 
their electrochemical and morphological stability.  Standard methodologies for this assessment 348 
encompass chronopotentiometry (potential versus time), chronoamperometry (current versus 349 
time), and cyclic voltammetry.  Chronopotentiometry and chronoamperometry are generally 350 
performed at a steady current density or applied potential for a specified duration to assess 351 
durability.  Chronopotentiometry, typically conducted at a current density of 10 mA cm-2, is 352 
extensively utilized by researchers owing to its straightforwardness and informative results.  The 353 
overall length of electrochemical testing depends on the particular material and testing technique 354 
employed.  A crucial approach for evaluating stability involves comparing the polarization curves 355 
obtained prior to and during several cyclic voltammetry scans.  High stability is demonstrated 356 
when the final curve closely aligns with the original curve or shows just a minimal rise in 357 
overpotential (often less than 10%) 93,94. 358 

Importantly, stability in water electrolysis should be interpreted in at least two complementary 359 
ways: (i) electrochemical durability, i.e., retention of catalytic activity during 360 
chronopotentiometry/chronoamperometry and repeated cycling, and (ii) structural/chemical 361 
stability, i.e., preservation (or controlled evolution) of the catalyst composition, phase, and 362 



interfacial integrity under strongly cathodic (HER) or anodic (OER) potentials. In many 363 
transition‑metal systems, particularly amorphous phases and non‑oxide catalysts, the applied bias 364 
can induce surface/bulk reconstruction, oxidation, and/or leaching, frequently yielding 365 
(oxy)hydroxide/oxide species that function as the steady‑state active phase. Therefore, sustained 366 
activity does not necessarily imply that the as‑synthesized amorphous structure remains 367 
unchanged; instead, it may indicate convergence toward a reconstructed active surface that is 368 
dynamically maintained under operating conditions 95–97. 369 

Accordingly, stability claims should ideally be supported by pre‑/post‑test structural and 370 
compositional verification (e.g., XRD/TEM for phase/morphology, XPS for surface chemistry) 371 
and, when feasible, in situ/operando characterization to capture reconstruction pathways and the 372 
identity of the true active phase. In parallel, quantifying catalyst loss (e.g., dissolved metal via 373 
ICP‑OES/ICP‑MS, mass loss, or detachment from the support) helps distinguish apparent 374 
electrochemical stability from chemical corrosion/dissolution. These considerations are now 375 
widely emphasized in modern stability protocols and OER‑stability analyses, because 376 
morphological/phase evolution and dissolution are often intertwined with activity trends 98–100.  377 

1.4 Structural Designs: Amorphous 378 

Amorphous materials are characterized by the lack of long-range crystallinity, featuring only short-379 
range atomic arrangements and a disordered network without periodic lattice symmetry 33. In 380 
contrast, crystalline solids display an ordered lattice structure that repeats periodically in three 381 
dimensions. This key structural difference imparts amorphous materials with a higher density of 382 
inherent defects, such as dangling bonds and coordination vacancies, and typically a greater 383 
specific surface area 20. However, the absence of long-range order generally suppresses band-like 384 
carrier transport; thus, for many amorphous oxides/hydroxides, long-range electronic conduction 385 
can be lower than in crystalline counterparts and may proceed via localized hopping/polaronic 386 
mechanisms. In practice, high-performing amorphous electrocatalysts are therefore frequently 387 
deployed as ultrathin coatings or nanoscale domains that are electronically coupled to conductive 388 
backbones (e.g., metal foams, carbon textiles) or to crystalline/metallic phases, which provide 389 
continuous electron pathways while the amorphous component maximizes accessible active sites 390 
27,101. Moreover, the expanded surface area and the high number of low-coordinated sites in 391 
amorphous structures provide more active sites for catalytic reactions, generally improving 392 
reactivity 102. In comparison, a perfectly crystalline catalyst has fewer inherent defects, and its 393 
active sites are primarily confined to its well-defined surfaces or facets 30. Importantly, the 394 
disordered atomic structure of amorphous catalysts can also enhance charge transport and mass 395 
diffusion, as the varied pathways within the random network allow reactants and electrons to move 396 
more easily 103. While crystalline materials usually offer superior intrinsic electronic conductivity 397 
and thermal stability due to their ordered lattices 30, they often face limited catalytic activity 398 
because only surface atoms are involved in reactions. Amorphous catalysts, by virtue of their 399 
structural disorder, overcome this limitation by enabling both surface and bulk atoms to serve as 400 
active sites, thereby enhancing the material's utilization in catalysis 104. Table 1 summarizes the 401 
qualitative differences between amorphous and crystalline structures in the context of catalysis. 402 

Table 1. Differences between amorphous and crystalline structures. 403 

Aspect Amorphous Structure Crystalline Structure 

Atomic order 
No long-range order; only short-range 

motifs. 

Periodic lattice with long-range order and 

defined facets. 



Active site distribution 
Many unsaturated/heterogeneous sites 

throughout bulk and surface. 

Sites mainly on specific 

facets/edges/defects; bulk largely inactive. 

Defects and disorder 
High density of intrinsic defects/voids → 

more adsorption sites. 
Fewer, localized defects in the ideal lattice. 

Compositional 

flexibility 

Broad solubility for dopants/multi-element 

mixing; fewer lattice constraints. 

Substitution limited by lattice tolerances 

and fixed stoichiometry. 

Electronic properties 

Lower long-range conductivity; efficient 

local charge transfer; often needs 

conductive support. 

Higher intrinsic conductivity 

(metals/semiconductors) via ordered 

bands. 

Structural stability 

Often metastable; can crystallize at 

elevated temperature; grain-boundary-free 

surfaces resist some corrosion. 

Thermodynamically stable up to 

phase/melting transitions; grain 

boundaries/facets can corrode. 

Morphology and 

surface area 

Easily forms porous networks with high 

surface area; tunable by synthesis. 

Morphology follows crystal habit; high 

area usually requires 

nanostructuring/templating. 

 404 

In discussing electron transport in crystalline and amorphous structures, it is important to 405 
distinguish the intrinsic electronic/ionic transport properties of the catalyst phase from the apparent 406 
charge/mass transport of the assembled electrode. Crystalline materials often exhibit higher 407 
electron  transport, whereas the lack of long-range order in amorphous phases can localize carriers 408 
and suppress band-like mobility; for many amorphous transition‑metal oxides/hydroxides, 409 
electronic conduction is frequently described by localized hopping or polaronic transport. 410 
Consequently, high-performing amorphous electrocatalysts are commonly realized as ultrathin 411 
amorphous layers, or as amorphous/crystalline (or amorphous/conductive) hybrids supported on 412 
highly conductive scaffolds (e.g., metal foams, carbon cloth), which reduces contact resistance and 413 
transport distances while preserving the high density of under‑coordinated active sites. Likewise, 414 
ionic transport is governed primarily by electrolyte access, porosity/tortuosity, and hydration; 415 
amorphous catalysts often appear advantageous in practice because they are frequently synthesized 416 
together with porous, gel-like, or nanosheet morphologies that shorten diffusion pathways 27,101,105. 417 

Moreover, amorphous structural design has shown significant advantages for water-splitting 418 
catalysis, including both the HER and OER 106. Studies have indicated that amorphous 419 
electrocatalysts often match or exceed the performance and durability of their crystalline 420 
counterparts in these reactions. This improved performance is primarily due to the structural 421 
features mentioned earlier, where the disordered atomic network results in a higher concentration 422 
of active sites and more adaptable local geometries for reactant binding and conversion 29. In this 423 
context, subsurface atoms are more easily involved, and electrochemical bulk activation is 424 
promoted, reducing the limitations usually associated with ordered surfaces. However, it is 425 
important to mention that, amorphousness is not a universal predictor of superiority: crystalline 426 
catalysts can be favored when intrinsic conductivity and/or thermodynamic stability dominate 427 
performance, and important benchmarks exist for both acidic and alkaline OER. 428 

Beyond enhanced activity, many amorphous catalysts exhibit bifunctional behavior (effective for 429 
both HER and OER) alongside stability  107. Flexible bonding and the high density of defect derived 430 
reactive sites promote bias-induced surface reorganization and the formation of active 431 
oxide/oxyhydroxide layers without compromising electronic conductivity  108. When these 432 
materials are grown directly on porous current collectors, mass and charge transport are improved 433 



and bubble adhesion can be mitigated when the resulting surface chemistry and hierarchical 434 
roughness/porosity create favorable wetting (hydrophilic/underwater aerophobic) interfaces that 435 
shorten bubble residence time  102. It is worth noting that, enhanced wettability and efficient bubble 436 
detachment in gas-evolving electrocatalysis are not inherent outcomes of amorphization; instead, 437 
they are chiefly dictated by surface chemistry in concert with roughness/porosity, and by gas-438 
liquid-solid interfacial interactions coupled to electrode architecture. The apparent bubble-439 
management benefits often associated with amorphous catalysts largely arise because typical 440 
fabrication or activation methods produce defect-rich, hydroxylated/oxidized surfaces and 441 
hierarchical 3D textures that directly promote wetting and bubble transport. Accordingly, these 442 
effects are best attributed to concomitant surface and structural features, with amorphization 443 
viewed primarily as a route to reconstruct able, defect-rich catalytic surfaces 109–112. 444 

A further key advantage of amorphous materials is their high tolerance for multielement 445 
incorporation and the consequent tunability of active site chemistry. The absence of a rigid lattice 446 
enables doping, complex alloying, and even high-entropy strategies; this compositional freedom 447 
allows targeted modulation of the electronic structure and synergistic effects. In addition, these 448 
phases reconstruct rapidly and efficiently to their active states under operating conditions  113. From 449 
the standpoint of durability, the lack of grain boundaries in amorphous structures mitigates 450 
common weaknesses of crystalline materials such as stress concentration, grain growth, and 451 
preferential corrosion 114. Recent work also shows that amorphous carbon can act as a functional 452 
support to stabilize active-site distributions through anchoring/embedding/confinement effects, 453 
thereby improving durability and sometimes intrinsic activity (see Section 1.5.6, Chemistry and 454 
Key Mechanisms). 455 

From a durability perspective, it is also important to remember that while amorphous networks 456 
may better accommodate strain and facilitate formation of catalytically competent surface layers, 457 
many amorphous catalysts (and amorphous-rich non-oxide precatalysts) undergo non-trivial in situ 458 
evolution under HER/OER operation, such as partial oxidation to (oxy)hydroxides, compositional 459 
redistribution, amorphous-to-crystalline transitions, and/or element leaching. Consequently, the 460 
long-term stability of an “amorphous catalyst” often depends less on static retention of the initial 461 
disorder and more on whether the reconstructed active layer remains electrically connected, 462 
mechanically anchored, and resistant to dissolution under the applied potential and electrolyte 463 
environment 95,96,100.  464 

Additionally, although amorphous phases can increase site density and broaden accessible binding 465 
environments, the highest catalytic performance is often achieved when disorder is balanced with 466 
structural connectivity. In other words, the most active catalysts may not be the “most amorphous,” 467 
but those that combine defect-rich local coordination with sufficient network continuity for 468 
electron/ion transport and with robust anchoring to the current collector. This principle is consistent 469 
with reports where moderated interfaces improve electrocatalysis by coupling abundant reactive 470 
motifs to efficient transport and durability, thereby mitigating the conductivity and stability 471 
limitations that may arise in fully disordered phases 26–28. 472 

In conclusion, amorphous structures, with their abundant active sites, flexible local geometries, 473 
defect-rich surfaces, and extensive compositional tunability, present a highly effective approach to 474 
improving both activity and stability in water splitting. As a result, amorphous materials are highly 475 
suitable for application in practical water-splitting processes. 476 

1.5 Amorphous Structures and Synthesis Strategies 477 



Amorphous structures, characterized by the lack of long-range crystalline order and the presence 478 
of voids, possess a range of properties that make them highly attractive electrocatalysts. These 479 
include a high density of electron-rich and electron-deficient centers that provide abundant active 480 
sites, extensive pore networks that improve the adsorption and confinement of reactants or gaseous 481 
intermediates, and efficient surface charge transfer that facilitates in situ/operando reconstruction 482 
into highly active surface phases 115. 483 

To harness these advantages, various synthesis methods have been developed to optimize structure 484 
and performance. Direct routes build amorphous frameworks from the ground up: electroless 485 
deposition 116 creates uniform metal/alloy coatings without external bias; pulsed electrodeposition 486 
117 allows precise control over nucleation and growth for thin amorphous films; colloidal synthesis 487 
118 produces nanoparticles with adjustable size and composition; and chemical reduction 119 forms 488 
amorphous nanoparticles or hybrids from metal salts under controlled conditions. 489 

Indirect routes transform preformed crystalline or molecular precursors into disordered phases, 490 
including thermal decomposition 120 of metal thiolates or oxides, electrochemical activation 121 491 
that induces surface disorder and creates amorphous active layers, and selective leaching/etching 492 
to develop high-surface-area architectures. Together, these techniques enable precise control over 493 
factors like active-site density, electronic conductivity, particle size, and morphology, all crucial 494 
for optimizing amorphous electrocatalysts for HER, OER, and water splitting. This section 495 
provides a comprehensive overview of the main types of amorphous structures and the synthesis 496 
strategies used to produce them. 497 

1.5.1 Amorphous Transition Metal Phosphides (a-TMPs) 498 

1.5.1.1 Chemistry and Key Mechanisms 499 

a-TMPs possess both positive and negative polarized centers, which create favorable active sites 500 
for catalytic interactions. The positively charged centers (Mδ⁺) arise from the transition metal 501 
atoms, whereas the negatively charged centers (Pδ-) originate from phosphorus. This intrinsic 502 
polarity underpins their electro catalytic activity. During the HER, Pδ- sites readily adsorb proton 503 
species (Hδ⁺), while adjacent metal centers stabilize the resulting hydride intermediates (M-Hδ⁺). 504 
This heterolytic pathway for H2 generation closely resembles the catalytic mechanism of 505 
hydrogenase enzymes in nature. Moreover, the coexistence of polar centers facilitates metal 506 
oxidation under anodic potentials, thereby leading to the in-situ formation of surface (oxy) 507 
hydroxide layers, which serve as highly active OER sites 122,123. 508 

Extensive studies on multi metallic phosphides, such as Ni-Fe-P systems, have revealed that during 509 
OER, certain metals (most notably Fe) undergo preferential oxidation and leaching. This process 510 
progressively weakens the M-P bonds and ultimately induces the formation of thin, porous (oxy) 511 
hydroxide layers (e.g., NiFeOOH) on the catalyst surface. Consequently, the original phosphide 512 
phase functions as a pre catalyst, undergoing structural reconstruction to yield the true catalytically 513 
active species 124. 514 

1.5.1.2 Synthesis of Amorphous Transition Metal Phosphides  515 

Electroless deposition has proven to be an effective method for directly synthesizing amorphous 516 
metal-phosphide coatings, owing to its simplicity, precise control over metal composition, and 517 
versatility in substrate selection. These coatings have demonstrated strong performance in 518 
electrochemical applications, especially for HER and OER. The first systematic study on 519 
electroless deposition for producing amorphous Ni-P films was conducted by Pearlstein and 520 



Weightman in 1963 116  . In this method, sodium hypophosphite (NaH2PO2) acts as a reducing 521 
agent, converting Ni2+ ions to metallic nickel while incorporating phosphorus into the film, 522 
resulting in a uniform amorphous structure. The process is self-catalyzing, meaning the initially 523 
deposited nickel facilitates further deposition on the substrate. This pioneering work laid the 524 
foundation for numerous subsequent studies on amorphous catalysts, corrosion-resistant coatings, 525 
and electrochemical electrodes, highlighting the importance of electroless deposition for creating 526 
amorphous phosphide materials. Amorphous Co-P coatings were electrolessly deposited on copper 527 
substrates as shown in Figure 4a, demonstrating that the phosphorus content critically affects 528 
overpotential and catalytic activity for both HER and OER. Increasing phosphorus content 529 
improved stability and lowered overpotential 125. In this study, electroless deposition was used to 530 
prepare Co-P/Cu catalysts, where 11 wt% P optimized HER performance, 8 wt% P optimized 531 
OER, and the Co-P11/Cu electrode achieved 1.813 V at 10 mA/cm². 532 

Additionally, the Ni-Fe-P-WO3/NF atalyst was fabricated on nickel foam using a straightforward 533 
electroless deposition method. This process generated a uniform amorphous Ni-Fe-P layer 534 
embedded with WO3 nanoparticles, resulting in a hybrid nanostructured, multiphase architecture. 535 
The synergy between the amorphous framework, plentiful active sites, and efficient mass transfer 536 
substantially improved OER performance 126. 537 

In addition, Ni-P alloys with different phosphorus contents were synthesized. Film formation 538 
occurs through an autocatalytic reduction process on the nickel surface, where Ni2+ ions are 539 
reduced by electrons from the reducing agent, sodium hypophosphite (NaH2PO2), resulting in 540 
zero-valent phosphorus and H2 as by-products. as by-products. SEM images in Figure 4(b,c) 541 
showed that the Ni-P films are uniform, with grain sizes smaller than 10 nm, and the observed 542 
pinholes are attributed to hydrogen evolution during deposition. This amorphous nanostructure 543 
enhances the density of active sites, improving electrocatalytic performance. Post-OER analysis 544 
also revealed significant surface changes that impact catalyst activity. Furthermore, controlling the 545 
Ni/P ratio and the thickness of the amorphous Ni-P layers on nickel foam was found to reduce 546 
overpotential and boost the turnover frequency (TOF), emphasizing the importance of precise 547 
compositional and structural tuning for achieving optimal OER performance 127. 548 
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Figure 4. (a) The electroless deposition scheme of Co-P coatings on the Cu surface 125; SEM 549 
images of (a) Ni substrate and (b) Ni-P deposited for 6 min 127. 550 

Overall, electroless deposition offers a simple, cost-effective, and versatile method for directly 551 
synthesizing amorphous phosphide coatings with controlled composition and morphology. This 552 
approach facilitates the creation of high-performance HER and OER electrocatalysts by integrating 553 
structural uniformity, a high density of active sites, and improved mass transfer. 554 

In addition to electroless deposition, amorphous nanostructured phosphides can also be 555 
synthesized via pulse electrodeposition. Using this method, the Moloudi research group prepared 556 
a Ni-Co-Fe-P (NCFP) electrocatalyst by applying rapid potential pulses (Figure 5a). Alternating 557 
current/voltage pulses promote nucleation over crystal growth, resulting in amorphous metal 558 
phosphides with uniform morphology and a phosphorus-rich composition. Such amorphous 559 
structures provide abundant active sites, reduce electrode resistance when electronically well-560 
coupled to the current collector (and/or when doped to introduce more conductive pathways), 561 
leading to superior electrocatalytic performance 128. The electrolyte contained Ni2+, Co2+, and Fe2+ 562 
ions along with a phosphorus source (e.g., NaH2PO2) in an alkaline or buffered medium. Short 563 
voltage pulses, consisting of on and off periods, were applied to the electrode, enabling the 564 
simultaneous deposition of metals and phosphorus. The limited time for atomic arrangement 565 
favored the formation of a nanostructured amorphous film. Pulse parameters, including voltage, 566 
on/off durations, and number of cycles, were optimized to control film thickness and surface 567 
loading. 568 

Thanks to its high surface area and amorphous structure, this electrocatalyst exhibited excellent 569 
activity not only for the HER but also for the OER, making it suitable for sustainable energy 570 
applications such as water electrolysis and Zn-Air batteries (Figure 5b). 571 



 572 
Figure 5. Schematic illustration of the electrosynthesis of the NCFP electrocatalyst and its 573 
applications. (a) Electrosynthesis of the NCFP elec-trocatalyst that lasts for just 2 min  (b) 574 

illustration of the practical application of the multifunctional NCFP electrocatalyst for overall 575 
(sea)water splitting and zinc–air batteries 128. 576 

Building on pulse electrodeposition approaches, the JO research group prepared Ni-P films using 577 
a pulse-reverse electrodeposition technique. The synthesis mechanism involves the reduction of 578 
H+ ions to adsorbed hydrogen, which then reacts with H3PO3 to produce PH3, followed by the 579 
simultaneous deposition of Ni and P on the electrode surface. By adjusting the duty cycles, the 580 
phosphorus content in the Ni-P alloy could be precisely controlled, and subsequent annealing led 581 
to the formation of crystalline Ni3P with pure Ni particles. This precise control over composition 582 
and structure improved the electrochemical behavior and enhanced the catalyst’s stability during 583 
hydrogen evolution. Ultimately, the crystalline Ni3P/Ni composite demonstrated excellent 584 
performance as a stable and efficient hydrogen evolution catalyst 117.  585 

Moreover, the colloidal method allows the synthesis of uniform metal phosphide nanostructures 586 
through surfactant-assisted growth in solution. This approach provides precise control over particle 587 
size and morphology while maintaining high dispersion. The resulting nanophosphides possess 588 
abundant accessible active sites, making them efficient catalysts for HER and OER. 589 

In a study by the Kang group, amorphous molybdenum phosphide (MoP) nanoparticles were 590 
synthesized via the colloidal method to enhance catalytic performance for the HER, and two 591 
synthetic routes, the one-pot and two-step methods, were compared 129. In the two-step method, 592 
Mo nanoparticles were first formed by heating Mo(CO)6 in the presence of ODE and oleylamine 593 
at 230 °C, and then injected into an activated TOP solution in squalane at 320 °C to form MoP. In 594 
the one-pot method, all precursors and solvents were mixed in a single vessel and heated directly 595 
to 320 °C. Both methods produced amorphous nanoparticles with sizes of 3.9-4.1 nm, but the two-596 
step synthesized NPs exhibited higher HER activity (overpotential = 177 mV versus 208 mV for 597 
the one-pot method), which was attributed to a higher P/Mo ratio, more Mo-P bonds, and lower 598 
surface oxidation. 599 



This study highlights that the choice of synthetic method and careful control of reaction conditions 600 
play a crucial role in optimizing the morphology, elemental composition, and electrochemical 601 
performance of metal phosphide nanoparticles. 602 

1.5.1.3 Characterization of Amorphous Metal Phosphides 603 

Understanding the structural, morphological, and local chemical properties of amorphous metal 604 
phosphides is essential to correlate synthesis strategies with electrocatalytic performance. Various 605 
complementary techniques provide insight into the amorphous structure, but each has inherent 606 
limitations that must be considered together. 607 

X-ray diffraction (XRD) is commonly used to confirm the absence of long-range crystalline order. 608 
For example, Co-P coatings prepared via electroless deposition showed broad, low-intensity 609 
features without sharp peaks, indicating an amorphous phase up to 11 wt % phosphorus 125. 610 
Similarly, Ni-Co-Fe-P (NCFP) films produced by pulse electrodeposition displayed only diffuse 611 
patterns, demonstrating preserved amorphous structure despite multiple metal components 128. 612 
While XRD effectively identifies amorphousness and can monitor phase evolution upon annealing, 613 
it provides limited information about short-range atomic arrangements, which are critical for active 614 
site formation. 615 

Transmission electron microscopy (TEM) complements XRD by revealing nanoscale morphology, 616 
particle size, and dispersion. TEM images of Co-P films showed dense, uniform films on Cu 617 
substrates 125, while NCFP samples exhibited ~30 nm spherical particles and porous textures 618 
enhancing surface area 128. MoP nanoparticles synthesized by colloidal methods measured 3.9-619 
4.1 nm 129. Despite providing direct visual evidence of particle morphology and connectivity, TEM 620 
represents only localized regions and may not fully capture bulk uniformity, with potential sample 621 
preparation artifacts. 622 

X-ray absorption spectroscopy (XAS/EXAFS) probes the local atomic environment, providing 623 
bond lengths, coordination numbers, and oxidation states even in amorphous networks. EXAFS 624 
analysis of Co-P revealed Co-P coordination critical for HER/OER activity 125, and in NCFP, XAS 625 
distinguished local environments around Ni, Co, and Fe, clarifying how phosphorus incorporation 626 
alters electronic structure 128. While powerful, EXAFS requires careful modeling and cannot 627 
provide direct imaging. 628 

Raman spectroscopy offers complementary information by probing vibrational modes and short-629 
range bonding. In Ni-Fe-P-WO3/NF and NCFP, Raman spectra indicated phosphorus 630 
incorporation and local structural heterogeneity 126,128. Although interpretation can be complicated 631 
by overlapping peaks and limited spatial resolution, Raman helps connect local bonding to 632 
catalytic behavior where XRD lacks resolution. Combining these techniques provides a 633 
comprehensive picture of structure-property relationships. These examples underscore that the 634 
combination of XRD, TEM, EXAFS/XAS, and Raman is essential to understand how amorphous 635 
short-range order, morphology, and local bonding collectively govern catalytic behavior. 636 

1.5.2 Amorphous Transition Metal Borides (a-TMBs) 637 

1.5.2.1 Chemistry and Key Mechanisms 638 

Boron (B), with lower electronegativity compared to phosphorus, tends to form stronger covalent 639 
and electron-donating bonds with metals. Due to the availability of vacant orbitals, boron can 640 
facilitate electron circulation and transfer from the metal center into these orbitals, thereby 641 
intensifying regions of positive or negative potential. This process optimizes hydrogen adsorption 642 



energies, which is critical for the HER. Similar to phosphides, borides undergo in situ surface 643 
reconstruction under OER conditions, leading to the formation of metal (oxy) hydroxides coated 644 
with a borate layer 130,131. The reconstructed phase serves as the actual catalytic active site for OER. 645 
Moreover, in borate-containing electrolytes, –B (OH)x groups can function as proton buffers, 646 
thereby enhancing the reaction kinetics 130,132,133. 647 

1.5.2.2 Synthesis of Amorphous Transition Metal Borides 648 

Parakh and colleagues synthesized metal nanoparticles coated with an amorphous NiB or CoB 649 
shell using a colloidal method. In this approach, metal nanoparticles such as Au and Pd were first 650 
prepared in a stable colloidal solution, after which a thin amorphous NiB or CoB layer was 651 
deposited onto their surfaces by adding chemical precursors. The aim was to enhance the stability 652 
of the nanoparticles and prevent their aggregation while maintaining the catalytic activity of the 653 
metal core. The study highlighted that these nanoparticles are suitable for various catalytic 654 
applications, including electrochemical reactions. The colloidal method was emphasized as a 655 
major advantage due to its simplicity, precise particle size control, and uniform coating capability 656 
119. 657 

Li and colleagues synthesized a-TMBs via a chemical reduction method to develop cost-effective 658 
and efficient alternatives to platinum catalysts for photocatalytic water splitting. The main goal 659 
was to produce catalysts with less than 0.1% platinum content while maintaining high hydrogen 660 
generation performance 134. 661 

Quantum mechanical calculations indicated that TMBs adsorb protons more readily and release 662 
hydrogen molecules faster than platinum. Their amorphous, nanostructured nature, combined with 663 
the presence of graphene, enhances surface dispersion and accessibility. Spectroscopic studies 664 
including PL, SPS, and EPR confirmed that TMBs act as “electron sinks,” reducing electron-hole 665 
recombination and improving photocatalytic efficiency. Overall, amorphous transition metal 666 
borides synthesized via chemical reduction and the Santer Amorphous method serve as stable, 667 
inexpensive, and effective alternatives to platinum catalysts for photocatalytic hydrogen 668 
production. 669 

Building on earlier research on amorphous transition metal borides, Wang’s research group 135 670 
synthesized metallic NiFe-boride as a precursor, which was then in situ transformed under OER 671 
conditions into NiB4O7 and FeBO3 phases. These resulting phases form the active amorphous 672 
structure of the catalyst and play a crucial role in facilitating the *O → *OOH steps, thereby 673 
improving electrocatalytic activity. DFT calculations revealed that NiB4O7 has the lowest 674 
overpotential and acts as the primary active site. Further coupling mechanism analyses and 675 
advanced activity descriptors confirmed that the incorporation of boron leads to the formation of 676 
new active phases, significantly boosting OER performance. 677 

The oxygen evolution reaction (OER) on the NiFe catalyst follows a four-electron mechanism, 678 
and DFT calculations were conducted to assess the reaction energies and identify the active sites 679 
of the in-situ formed NiB₄O₇ and FeBO₃ phases. This study clearly shows that boride-derived 680 
(indirect) synthesis is a highly effective and robust method for producing high-performance 681 
amorphous catalysts. 682 

Overall, these synthetic strategies highlight the versatility of amorphous transition metal borides. 683 
Colloidal and chemical reduction methods allow precise control over particle size, morphology, 684 
and surface composition, enhancing both catalytic activity and stability. Boride-derived in-situ 685 



transformations further generate active amorphous structures that optimize reaction pathways and 686 
electrocatalytic performance. Together, these strategies underscore the potential of a-TMBs as 687 
cost-effective, stable, and high-performance catalysts for a wide range of electrochemical and 688 
photocatalytic applications. 689 

1.5.2.3 Characterization of Amorphous Transition Metal Borides 690 

Comprehensive structural and spectroscopic analyses provide crucial insights into how the 691 
amorphous structure, nanoscale morphology, and local bonding of transition metal borides 692 
determine their electrocatalytic performance. Multiple complementary techniques are typically 693 
employed, each offering distinct information while having inherent limitations. 694 

XRD confirms the absence of long-range crystalline order in a-TMBs. NiB and CoB shells 695 
synthesized via colloidal deposition show broad, featureless XRD patterns, indicating their 696 
amorphous nature even when coated on metallic cores such as Au or Pd 119,134. Similarly, NiFe-697 
boride precursors transformed in situ during OER conditions produce diffuse XRD features 698 
consistent with amorphous NiB4O7 and FeBO3 phases 135. Although XRD effectively distinguishes 699 
amorphous from crystalline phases and tracks phase evolution, it provides limited information on 700 
short-range atomic arrangements, which are critical for understanding active sites. 701 

TEM complements XRD by revealing particle size, morphology, and coating uniformity. TEM 702 
images of NiB and NiCoB nanoparticles show homogeneous amorphous shells surrounding 703 
metallic cores, with selected-area electron diffraction (SAED) confirming the lack of long-range 704 
order (Figure 6) 134. NiFe-boride-derived catalysts exhibit nanoscale connectivity and uniform 705 
dispersion that enhance surface accessibility and mass transport 135. While TEM provides direct 706 
visualization of morphology, it represents localized regions and may not capture bulk sample 707 
uniformity, and sample preparation can introduce artifacts. 708 

Spectroscopic techniques provide further insight into local bonding and electronic structure. 709 
Photoluminescence (PL), surface photovoltage spectroscopy (SPS), and electron paramagnetic 710 
resonance (EPR) applied to NiB and NiCoB reveal their role as “electron sinks,” reducing electron-711 
hole recombination and enhancing photocatalytic hydrogen evolution 134. These measurements, 712 
along with DFT calculations for NiFe-boride-derived catalysts, show that NiB4O7 acts as the 713 
primary active site during OER, providing the lowest overpotential and facilitating the four-714 
electron reaction pathway 135. While these techniques offer detailed local information, 715 
interpretation can be complex and they do not provide direct morphological imaging. 716 

Integrating XRD, TEM, and spectroscopic analyses provides a comprehensive understanding of 717 
the structure-property relationships in a-TMBs. For example, NiB and NiCoB nanoparticles 718 
synthesized via colloidal or chemical reduction methods exhibit uniform amorphous shells that 719 
stabilize the metallic cores while maintaining high surface accessibility, enabling efficient 720 
hydrogen evolution even with <0.1 wt % Pt 134. NiFe-boride-derived catalysts form amorphous 721 
NiB4O7 and FeBO3 phases under OER conditions, achieving low overpotentials and high density 722 
of active sites, reflecting the combined effects of amorphous structure, nanoscale morphology, and 723 
boron incorporation 135. 724 

Overall, the combination of complementary characterization techniques, XRD for phase 725 
identification, TEM for morphology, and PL/SPS/EPR or DFT for local bonding and electronic 726 
properties, allows a detailed understanding of how amorphous structure, particle uniformity, and 727 
boron chemistry govern the electrocatalytic and photocatalytic performance of a-TMBs. This 728 



integrated approach emphasizes the versatility, stability, and high catalytic efficiency of 729 
amorphous transition metal borides 730 

 731 
Figure 6. TEM image of the NiB products. (b) The corresponding SAED image for the NiB 732 

sample. (c) TEM image of the NiB/CdS nanocomposite. (d) TEM image of the NiCoB sample. 733 
(e) The corresponding SAED image for NiCoB. (f) TEM image of the NiCoB/CdS 734 

nanocomposite 134. 735 

1.5.3 Amorphous Oxides and Hydroxides 736 

1.5.3.1 Chemistry and Key Mechanisms 737 

LOM (lattice oxygen mechanism)-based catalysts possess distinct properties that make them 738 
excellent candidates for the OER. The strong covalent metal-oxygen bonds in these catalysts give 739 
rise to a unique electronic configuration that facilitates efficient orbital hybridization, positioning 740 
the O-2p band near the Fermi level. Notable advantages include a low enthalpy of oxygen vacancy 741 
formation, reduced charge transfer energy, and the capacity to directly activate lattice oxygen. 742 
These characteristics overcome the theoretical limitations of the conventional adsorbate evolution 743 
mechanism, enabling an overpotential below 370 mV. Furthermore, LOM-based catalysts 744 
demonstrate high intrinsic activity, fast reaction kinetics, and remarkable electrochemical stability. 745 
Despite these strengths, challenges such as dynamic surface reconstruction and long-term 746 
durability remain, requiring further thorough investigation 136. 747 

1.5.3.2 Synthesis of Amorphous Oxides and Hydroxides 748 

Amorphous metal oxides and hydroxides are typically synthesized through solution-based 749 
chemical methods that allow precise control over metal ratios and the preservation of amorphous 750 
structures.  751 



In the sol-gel method, metal precursors are dissolved in a solvent and undergo controlled 752 
hydrolysis and gelation. Gentle drying, such as vacuum drying at low temperatures, preserves the 753 
amorphous structure and ensures uniform metal distribution, providing structural flexibility during 754 
electrochemical reactions 137. Moreover, Qiu et al. synthesized amorphous NiFeCo and NiFeMo 755 
oxyhydroxides via a sol-gel approach under ambient conditions. Controlled hydrolysis and rapid 756 
gelation using propylene oxide, followed by mild vacuum drying, maintained the amorphous 757 
framework. The resulting NiFeCo catalyst exhibited high structural flexibility and enhanced OER 758 
performance. 759 

Co-precipitation and hydrothermal methods involve precipitating metal ions under controlled pH 760 
and temperature conditions, often yielding porous amorphous structures with high electrochemical 761 
surface areas. For example, a one-step hydrothermal method was used to synthesize amorphous 762 
nickel-iron oxide, achieving efficient OER performance with low overpotential 138. 763 

Tao et al. reported the synthesis of amorphous MoO2 with a porous nanostructure via a 764 
hydrothermal route 139. Ammonium heptamolybdate and thiourea were dissolved in deionized 765 
water, followed by addition of OM and OA. The mixture was transferred to a Teflon-sealed 766 
autoclave and heated at 200 °C for 6 h. After cooling, the product was collected by centrifugation 767 
and washed with cyclohexane and ethanol. The resulting amorphous and porous MoO2 exhibited 768 
a high surface area, abundant active sites, and loss of crystallinity, enhancing both HER and OER 769 
activity. 770 

Electrodeposition enables the direct formation of amorphous oxides or hydroxides on electrode 771 
surfaces under an applied potential, creating high surface area active layers with abundant catalytic 772 
sites 140. Ding et al. reported an in-situ electrochemical approach for synthesizing amorphous metal 773 
hydroxide microarrays with rich defects to enhance OER activity 141. Leaflike CoM-ZIF-L 774 
precursors were grown uniformly on nickel foam via simple impregnation (Figure 7). Cyclic 775 
voltammetry (CV) induced ligand substitution of 2-methylimidazole by OH- ions and activated the 776 
reversible redox of Co ions, forming defective amorphous metal hydroxides. The resulting 777 
aCo(OH)2-ZIF-L/NF arrays exhibited abundant oxygen vacancies, high conductivity, short ion 778 
diffusion paths, and numerous catalytic sites, all contributing to improved OER performance. 779 

. 780 

 781 
Figure 7. Schematic illustration of the synthesis and structure of ZIF-L/NF-x and aCo(OH)2-782 

ZIF-L/NF-y 141. 783 



Building on the previously described synthetic strategies, post-treatment or structural 784 
reconstruction of pre-catalysts has emerged as a widely employed approach for producing 785 
amorphous oxide and hydroxide electrocatalysts. In this method, metallic or metal–oxide 786 
precursors, whether crystalline or semi-amorphous, are subjected to electrochemical or thermal 787 
treatments, resulting in structural reconstruction. This process generates amorphous phases with 788 
abundant defects, high surface area, and improved accessibility for ions and electrons. 789 
Representative materials include NiFe-borate, CoFe-borate, NiFe-(oxy)hydroxide, and amorphous 790 
MoOx, all of which exhibit high catalytic activity in OER and HER. Post-treatment strategies 791 
provide enhanced stability, optimized surface activation, and structural flexibility during 792 
electrochemical operation, enabling efficient use of non-noble catalysts 142,143. 793 

Xia et al. 142 further investigated structural reconstruction under electrochemical conditions, 794 
demonstrating that the process is influenced by both thermodynamic and kinetic factors. 795 
Thermodynamically, the electrode potential and two-phase equilibrium determine the likelihood 796 
of reconstruction, while kinetically, the electron transfer rate between oxidation and reduction 797 
centers governs the reconstruction rate. This method results in the formation of new amorphous 798 
phases with lower free energy and a larger active surface area, thereby enhancing electrocatalytic 799 
performance in reactions such as OER and HER. The study offers a conceptual framework and 800 
analytical tools for predicting and controlling catalyst reconstruction. 801 

Overall, the diverse synthetic strategies for amorphous metal oxides and hydroxides highlight their 802 
exceptional versatility in controlling structure, composition, and surface properties. Sol-gel and 803 
hydrothermal methods allow for precise adjustments of metal ratios, particle size, and porosity, all 804 
while preserving the amorphous framework, thus improving catalytic activity. Electrodeposition 805 
generates high-surface-area, defect-rich amorphous layers on electrodes, promoting efficient 806 
charge and mass transport. Post-treatment and structural reconstruction of pre-catalysts further 807 
yield new amorphous phases with abundant defects, high surface area, and enhanced ion and 808 
electron accessibility, leading to superior OER and HER performance 137,142. Together, these 809 
strategies provide robust, stable, and high-performance amorphous oxide and hydroxide catalysts, 810 
ideal for a wide range of electrochemical energy conversion applications, including overall water 811 
splitting . 812 

1.5.3.3 Characterization of Amorphous Oxides and Hydroxides 813 

NiFeCo and NiFeMo oxyhydroxides prepared via sol-gel methods exhibit broad, featureless XRD 814 
patterns, confirming their amorphous structure 137. TEM images reveal nanosheets with 815 
thicknesses of ~5-8 nm and lateral dimensions of 50-100 nm for NiFeCo, forming a porous 816 
network that enhances ion diffusion and active site accessibility 137. Hydrothermally synthesized 817 
NiFe oxides form mesoporous nanoflakes, while porous MoO2 nanoparticles reach surface areas 818 
of ~120 m2/g, contributing to high HER and OER activity 138,139. 819 

Electrodeposited NiFeCo and NiFeCoP layers show defect-rich amorphous structures generated 820 
via CV-induced ligand exchange and surface hydroxylation, correlating with overpotentials of 821 
280-320 mV at 10 mA cm-2 for OER 140,141. EPR and XAS analyses indicate abundant oxygen 822 
vacancies and undercoordinated metal sites that act as active centers, while post-treatment or 823 
structural reconstruction produces new amorphous phases with enhanced active site density and 824 
surface accessibility, lowering overpotentials and improving catalytic performance 142,143. 825 

Together, these results demonstrate that precise control of composition, morphology, porosity, and 826 
defect sites in amorphous oxides and hydroxides directly governs their electrocatalytic activity. 827 



The combination of XRD, TEM, and spectroscopic analyses reveals how structural disorder and 828 
nanoscale features optimize ion/electron transport and active site availability, explaining the 829 
superior OER and HER performance of these materials. 830 

1.5.4 Amorphous Sulfides 831 

1.5.4.1 Chemistry and Key Mechanisms 832 

Amorphous metal sulfides (a-MSx) are materials composed of metal sulfide compounds, but 833 
instead of exhibiting a regular crystalline lattice, they possess an amorphous structure. This 834 
structural disorder generates asymmetric and unsaturated active sites, which often demonstrate 835 
superior catalytic activity compared to their crystalline counterparts. In contrast to ordered 836 
structures, a-MSx offer a higher density of active sites, larger specific surface area, enhanced ion 837 
and electron mobility across disordered boundaries, and greater chemical flexibility. 838 

In terms of their catalytic mechanism in water-splitting reactions, it has been established that 839 
amorphous sulfides contain numerous edge sites and under coordinated metal centers. These sites 840 
exhibit a strong affinity for proton (H+) adsorption, thereby facilitating the generation of adsorbed 841 
hydrogen intermediates (H*). The amorphous state, owing to its diverse metal-sulfur bonding 842 
environments, provides sites with H* adsorption energies comparable to those of metallic systems. 843 
This is attributed to the increased negative charge localized on sulfur, stemming from the 844 
electronegativity difference between the metal and sulfur, which forms a heterogeneous active 845 
network with abundant sites for hydrogen adsorption and recombination. Furthermore, during 846 
oxygen evolution reactions (OER), a-MSx are readily converted into amorphous oxides or ox 847 
hydroxides (M–OOH or M–OxHᵧ) under anodic potentials. Such dynamic and reversible phase 848 
transitions occur more easily in amorphous phases compared to crystalline structures, representing 849 
a distinct advantage of amorphous sulfides in electro catalytic water splitting 144–146. 850 

1.5.4.2 Synthesis of Amorphous Sulfides 851 

Amorphous metal sulfides (a-MSₓ), such as MoS2, WS2, and CoSx, are synthesized via several 852 
strategies depending on the desired morphology and application. For powder materials, colloidal 853 
synthesis is widely used, providing control over particle size and morphology, which is crucial for 854 
catalytic applications. Thermal decomposition of metal precursors is another common approach 855 
for producing high purity amorphous sulfides. For electrode coatings, electroless deposition offers 856 
a simple route to form uniform films on complex geometries 120,147. Additionally, pulsed 857 
electrodeposition allows precise control over film thickness and composition, further enhancing 858 
electrocatalytic performance. These methods are valued for their scalability, efficiency, and 859 
versatility across technological applications. 860 

Ma and colleagues synthesized amorphous MoS2/RGO hybrid nanoflowers through a direct 861 
colloidal hydrothermal method (Figure 8) 148. In this approach, a graphene oxide suspension was 862 
mixed with molybdenum and sulfur precursors ((NH4)4Mo7O24.4H2O and CH4N2S), stirred, and 863 
sealed in a Teflon-lined autoclave at 250 °C for 2 hours. After washing and drying, the product 864 
consisted of 3D nanoflowers formed by few-layer MoS2 nanosheets assembled on RGO. The 865 
amorphous structure, with stepped edges and basal plane cracks, provides abundant catalytically 866 
active sites. Coupling with RGO enhances electronic conductivity, while the 3D architecture 867 
ensures short charge transport paths, high surface to volume ratio, and mechanical stability. 868 
Consequently, these hybrid nanoflowers exhibit outstanding activity and durability for the HER 869 



across a wide pH range, representing a successful strategy to optimize nanoscale architecture and 870 
electronic properties for next generation HER catalysts. 871 

 872 
Figure 8. (a-c) SEM images of A-MoS2/RGO NFs, (d) TEM image of A-MoS2/RGO NFs, the 873 
inset is the SAED of A-MoS2/RGO NFs, (e) HRTEM image of the side view ofA-MoS2/RGO 874 
NFs, (f, g) HRTEM images of the top view of A-MoS2/RGO NFs, (h) HRTEM image of the 875 

edge of the RGO nanosheet, (i-m) STEM-EDX elemental mapping images of A-MoS2/RGO NFs 876 
148. 877 

As another representative case, Kornienko et al. reported the synthesis of amorphous cobalt sulfide 878 
films via pulsed electrodeposition 149. In this method, Co2+ ions and thiourea were dissolved in a 879 
neutral phosphate buffer solution, and CV sweeps were applied to deposit the film onto conductive 880 
substrates. A typical voltammogram shows an anodic peak at −0.3 V versus Ag/AgCl, a cathodic 881 
peak at -0.5 V versus Ag/AgCl, and a cathodic current at potentials more negative than −0.7 V, 882 
which increases with increasing number of CV cycles. Electrochemical double-layer capacitance 883 
measurements indicate that the amorphous cobalt sulfide film after 5 and 15 CV cycles possesses 884 
a surface area 8 and 23 times higher than the bare FTO substrate (Figure 9(a-c)). The deposited 885 
film exhibits a reflective black appearance, and SEM images reveal a rough, cracked surface 886 
(Figure 9d). 887 

The deposition process yields a porous amorphous film composed of small oxide and sulfide 888 
clusters, as confirmed by SEM, XPS, and SAED analyses. Upon cathodic polarization during the 889 
hydrogen evolution reaction, the initially disordered CoSx transforms into CoS2-like clusters, 890 
exposing a high density of catalytically active sulfur edge sites. Operando Raman and X-ray 891 



absorption spectroscopy further revealed that these clusters preferentially expose sulfur atoms to 892 
the electrolyte, in contrast to bulk crystalline CoS2, thereby enhancing catalytic activity. Benefiting 893 
from its amorphous nature and the dynamic structural transformation under operating conditions, 894 
the electrodeposited amorphous cobalt sulfide catalyst achieved low overpotentials and excellent 895 
durability for the HER in neutral electrolyte, highlighting electrodeposition as a scalable and 896 
versatile method for fabricating amorphous chalcogenide electrocatalysts 149. 897 

 898 
Figure 9. CoSx catalyst is electrodeposited through a series of CV sweeps (A) A typical 899 

voltammogram shows an anodic peak at -0.3 V versus Ag/AgCl, a cathodic peak at -0.5 V versus 900 
Ag/AgCl, and acathodic current at potentials more negative than -0.7 V versus Ag/AgCl, which 901 

increases with increasing number of CV cycles. Electrochemical double layer capacitance (B and 902 
C) indicates that the CoSx film after 5 and 15 cycles of electrodeposition possesses a surface area 903 
of 8 and 23 times higher than the bare FTO substrate. An SEM image of the CoSx film (d) shows 904 

a rough, cracked surface. Optically, the film has a reflective black appearance (inset) 149. 905 

Overall, amorphous chalcogenides exhibit abundant active sites, enhanced conductivity, and 906 
structural flexibility, making them highly efficient HER and OER electrocatalysts. Their synthesis 907 
via colloidal, hydrothermal, and electrodeposition methods allows precise control over 908 
composition and morphology, enabling robust performance in water-splitting applications 909 
120,147,149. 910 

1.5.4.3 Characterization of Amorphous Metal Sulfides  911 

Amorphous MoS₂, WS₂, and CoSx prepared via colloidal, hydrothermal, or electrodeposition 912 
methods display broad, featureless XRD patterns, confirming their lack of long-range crystalline 913 
order [128, 129]. TEM and SEM analyses reveal nanoscale morphologies optimized for catalytic 914 
activity. For instance, amorphous MoS2/RGO hybrid nanoflowers synthesized via colloidal 915 
hydrothermal reaction exhibit few-layer MoS2 nanosheets assembled into 3D nanoflowers on 916 
RGO, with stepped edges and basal plane cracks providing abundant active sites and high surface-917 
to-volume ratio (Figure 8) 148. 918 

Electrodeposited CoSx films formed via pulsed CV sweeps show rough, cracked surfaces and 919 
porous structures composed of small oxide and sulfide clusters. SEM, SAED, and XPS confirm 920 
the amorphous nature of these clusters, while operando Raman and XAS reveal dynamic structural 921 



transformation under cathodic polarization, forming CoS2-like clusters with exposed sulfur edge 922 
sites (Figure 9) 149. Electrochemical double-layer capacitance measurements indicate that the 923 
surface area of CoSx after 5 and 15 CV cycles increases 8- and 23-fold compared to bare FTO, 924 
correlating with enhanced HER performance 149. 925 

These amorphous sulfides combine high density of active sites, enhanced electronic conductivity, 926 
and structural flexibility. The dynamic reorganization of CoSx under reaction conditions further 927 
maximizes exposure of catalytically relevant sites. Similarly, MoS2/RGO hybrids benefit from 928 
conductive supports and 3D architectures, shortening charge transport paths and improving 929 
mechanical stability 147. 930 

Overall, the integration of TEM, SEM, XPS, SAED, and operando spectroscopies provides a 931 
detailed understanding of the structure-property relationships in amorphous metal sulfides. These 932 
analyses show how amorphous structure, nanoscale morphology, and defect-rich surfaces govern 933 
electrocatalytic activity. Controlled synthesis through colloidal, hydrothermal, and 934 
electrodeposition methods allows precise tuning of composition and morphology, enabling robust 935 
and efficient HER and OER performance for water-splitting applications. 936 

1.5.5 Amorphous Multi Element Compositions 937 

1.5.5.1 Chemistry and Key Mechanisms 938 

Modern electrocatalysis has experienced a fundamental shift, driven by the integration of 939 
theoretical, experimental, and computational advancements, enabling a move from traditional trial-940 
and-error methods to rational catalyst design. This transformation is based on a deep understanding 941 
of the mechanisms behind key reactions. By utilizing advanced spectroscopic techniques, atomic-942 
level imaging, and computational modeling, researchers have uncovered volcano-type 943 
relationships between the electronic structure of materials and their catalytic activity. These 944 
insights have paved the way for intelligent engineering strategies, including the optimization of 945 
electronic properties through multi-metal combinations (cationic synergy) or heteroatom doping 946 
(anionic synergy) within an amorphous matrix, as well as the design of advanced nanostructures 947 
to boost active surface area and improve mass transport 150–152. Notable examples of these 948 
strategies include incorporating Fe into Ni/Co for OER or W/Ni/Co into Mo for HER (cationic 949 
synergy), and doping oxides/hydroxides with N, P, or S to modify electronic density, conductivity, 950 
and adsorption energies (anionic synergy). The result of this shift is the development of metal-free 951 
catalysts with performance comparable to noble metals, and the expansion of electrocatalysis 952 
applications into emerging areas such as CO2 reduction and electrochemical synthesis of value-953 
added chemicals, opening new possibilities for the sustainable advancement of energy 954 
technologies 153–155. 955 

1.5.5.2 Synthesis of Amorphous Multi Element Compositions 956 

These structures, amorphous electrocatalysts are typically synthesized through direct chemical 957 
methods such as chemical reduction, chemical precipitation, electrochemical deposition, or co-958 
precipitation. In these approaches, two or more elements are simultaneously incorporated into an 959 
amorphous structure. The addition of a dopant can enhance the physical and chemical properties 960 
of the material, increasing the number of catalytically active sites, improving electronic 961 
conductivity, and enhancing structural stability. Hybrid or amorphous heterostructures are 962 
examples of this strategy, where binary and doped compositions in a disordered framework deliver 963 
high catalytic performance in reactions like the HER and OER. 964 



In the study by Lin et al. 156, 2D amorphous/amorphous nickel boride/borate heterostructures were 965 
engineered using a one-pot chemical reduction method. The synthesis involved reacting NiCl2, 966 
NaBH4, and NaOH under nitrogen atmosphere at ambient temperature. The resulting materials 967 
consisted of 2D amorphous layers of nickel boride and borate with high surface area, low electrical 968 
resistance, and abundant active sites. These heterostructures exhibited excellent performance for 969 
HER and OER in alkaline media, while also showing desirable magnetic properties. The study 970 
demonstrated that engineering 2D amorphous heterostructures can simultaneously improve 971 
catalytic performance and magnetic properties, and the straightforward synthesis method offers 972 
scalability for industrial applications. 973 

In a separate study, Murugan et al. 157 prepared interlaced nanoflower Co@Pyn-NPs and 974 
interconnected nanochain Co@NC-NPs catalysts via wetness impregnation followed by thermal 975 
amorphization. These materials demonstrated excellent electrocatalytic performance for OER, 976 
HER, and overall water splitting under alkaline conditions. The study highlighted that non-977 
precious amorphous Co@NC-NPs catalysts hold great promise for economically viable industrial-978 
scale overall water splitting for energy conversion and storage. 979 

These studies underscore the potential of binary and doped amorphous electrocatalysts in 980 
enhancing the efficiency and stability of water splitting reactions, paving the way for their 981 
application in sustainable energy technologies. 982 

1.5.5.3 Characterization of Amorphous Multi Element Compositions 983 

Multi element electrocatalysts, such as Ni-B/borate heterostructures and Co@NC nanoparticles, 984 
are synthesized via chemical reduction, wet impregnation, thermal amorphization, or co-985 
precipitation, allowing multiple elements to be incorporated into a disordered framework 156,157. 986 

TEM images of 2D Ni-B/borate heterostructures reveal ultrathin amorphous layers with 987 
thicknesses of ~4-6 nm and lateral dimensions of 50-80 nm, while SAED shows diffuse rings, 988 
confirming the absence of long-range order 156. TEM provides high-resolution insight into 989 
nanoscale morphology, but only samples a limited region and does not capture long-range 990 
uniformity. BET analysis indicates a specific surface area of 175 m2/g, supporting abundant edge 991 
sites. 992 

Co@NC-NPs exhibit interlaced nanoflower and interconnected nanochain morphologies with Co 993 
nanoparticles embedded in nitrogen-doped carbon, preserving amorphous character after thermal 994 
treatment 157. XPS spectra show Co 2p peaks at 780.1 eV and 796.0 eV (Co2+ species) and N 1s 995 
peaks at 398.5-400.8 eV (pyridinic/graphitic nitrogen), indicating strong metal-support 996 
interactions and improved electronic conductivity. EPR spectra display pronounced signals at 997 
g ≈ 2.002, confirming high densities of unpaired electrons at defect sites. While XPS and EPR give 998 
detailed local chemical and electronic information, they do not provide direct morphological 999 
imaging. 1000 

Electrochemical analyses link these structural features to performance: Ni-B/borate 1001 
heterostructures exhibit HER overpotentials of 185 mV and OER overpotentials of 312 mV at 1002 
10 mA cm-2 in 1 M KOH [136]. Co@NC-NPs show HER overpotentials of 190 mV and OER 1003 
overpotentials of 310 mV, retaining >95% activity over 48 h 157. High surface area, defect-rich 1004 
amorphous structures, and heterostructuring facilitate rapid electron/ion transport and maximize 1005 
active site exposure, while maintaining structural stability. 1006 



Together, the combination of TEM, SAED, XPS, EPR, and BET analyses provides a 1007 
comprehensive understanding of how amorphous, heterostructured, and doped frameworks govern 1008 
electrocatalytic activity. These studies illustrate the direct link between disordered structure, 1009 
nanoscale morphology, defect density, and high catalytic performance, guiding the rational design 1010 
of next-generation water splitting catalysts.  1011 

1.5.6 Novel Amorphous Structures  1012 

1.5.6.1 Chemistry and Key Mechanisms 1013 

Beyond traditional amorphous materials, several advanced amorphous architectures have emerged, 1014 
each exhibiting distinct structural characteristics and property profiles. These include amorphous 1015 
metallic alloys, doped amorphous carbon matrices, and amorphous-crystalline hybrid systems. 1016 
Amorphous metal alloys are notably characterized by their high electrical conductivity and 1017 
absence of long-range order 31,158. Doped amorphous carbon frameworks often demonstrate high 1018 
porosity and a significant density of electrochemically active sites, making them particularly 1019 
suitable for catalytic and energy storage applications. Lastly, amorphous-crystalline hybrids, which 1020 
feature an amorphous phase nanostructured onto a crystalline substrate, combine a high density of 1021 
active sites from the amorphous phase with improved electrode-level electron transport supplied 1022 
by the crystalline/metallic component (and reduced contact resistance), offering a synergistic 1023 
platform for enhanced interfacial processes 27,159,160. 1024 

Beyond serving as a simple conductive additive, amorphous carbon can function as an active 1025 
structural “host” that improves both durability and the uniformity of active-site distribution. In 1026 
particular, amorphous carbon substrates with abundant dangling bonds can provide continuous and 1027 
robust anchoring sites that suppress the agglomeration of isolated active species and help preserve 1028 
electronically favorable oxidation states during operation (e.g., Cu single-atomic-layer clusters 1029 
stabilized on amorphous carbon to prevent Cu aggregation) 161. A related design route is to embed 1030 
nanoparticles or clusters within a conductive amorphous carbon matrix, which maintains electrical 1031 
continuity and reduces migration/coalescence; for example, crystalline Fe3O4 nanoparticles can be 1032 
fabricated embedded in amorphous carbon on a conductive substrate, and single atoms can be 1033 
anchored at dangling bonds on the amorphous-carbon surface, both illustrating how carbon hosts 1034 
can immobilize and spatially distribute active species 162. Similarly, confinement of catalytic 1035 
nanoparticles inside amorphous carbon matrices has been used as a practical stabilization strategy 1036 
in electrocatalysis: NiO/NiOOH core-shell nanoparticles confined in an amorphous carbon matrix 1037 
demonstrate how carbon confinement can physically restrain nanophases while sustaining function 1038 
under electrochemical conditions 163. In addition, amorphous-carbon-matrix confinement has been 1039 
highlighted as a burgeoning strategy to protect nanoparticles from degradation and to provide high 1040 
conductivity for fast electron transport during long-term OER operation 164. Overall, 1041 
anchoring/embedding/confinement by amorphous carbon supports can simultaneously suppress 1042 
aggregation-driven deactivation and modulate local electronic structure, offering a mechanistic 1043 
pathway to enhanced catalytic durability and intrinsic activity. 1044 

1.5.6.2 Synthesis of Novel Amorphous Structures 1045 

This category includes amorphous metal alloys, doped amorphous carbons, and amorphous-1046 
crystalline hybrids, all of which have demonstrated exceptional electrocatalytic performance for 1047 
HER, OER, and overall water splitting. 1048 



Amorphous Co-W-B nanoparticles have been shown to be highly active bifunctional 1049 
electrocatalysts for overall water splitting 165. The nanoparticles were synthesized via chemical 1050 
reduction using CoCl2·6H2O and Na2WO4·2H2O as precursors, with NaBH2 serving both as a 1051 
reducing agent and a boron source. The W content was systematically varied (1–6%) to assess its 1052 
impact on catalytic activity. Characterization using XRD, SEM, HR-TEM, BET, and XPS 1053 
confirmed the amorphous morphology, high surface area, and uniform elemental distribution. 1054 
Electrochemical measurements demonstrated excellent HER and OER performance, while DFT 1055 
calculations revealed that the incorporation of W into the amorphous structure creates multiple 1056 
catalytic sites, some preferentially active for HER and others for OER, synergistically enhancing 1057 
overall water-splitting rates. Chronoamperometry and recycling tests confirmed long-term 1058 
stability, emphasizing the benefit of multi-catalytic sites in amorphous Co-W-B for efficient and 1059 
durable electrocatalysis.  1060 

Lin et al. reported the synthesis of an amorphous/crystalline Ni-Mo-O/Cu heterostructure using a 1061 
one-pot electrodeposition method at room temperature 166. In this method, NiCl2·6H2O, 1062 
(NH4)6Mo7O24·4H2O, CuCl2·2H2O, and NH4Cl were dissolved in deionized water to create the 1063 
electrodeposition electrolyte. A piece of Cu foam was used as the working electrode, and a carbon 1064 
electrode as the counter electrode. Electrodeposition was performed at a constant current of −250 1065 
mA for 250 s. After deposition, the electrodes were washed with deionized water. To optimize 1066 
performance, control experiments were conducted by preparing Ni-Mo-O electrodes without Cu 1067 
and pure Cu electrodes. Post-treatment by heating at 400 °C under N2 flow produced crystalline 1068 
counterparts (Ni-Mo-O/Cu-400 and Ni-Mo-O-400). The resulting amorphous Ni-Mo-O coupled 1069 
with metallic Cu created abundant active sites and facilitated electron transfer across the interface. 1070 
This synergistic interaction modified the adsorption/desorption energies of hydrogen atoms, 1071 
enhancing HER activity.  1072 

Yang et al. reported a facile pyrolysis strategy to synthesize Co nanoparticles embedded in N-1073 
doped carbon nanotubes and graphitic nanosheets (Co@NCNTs/NG) as bifunctional 1074 
electrocatalysts for overall water splitting 167. Two variants were prepared using different cobalt 1075 
precursors: Co3O4 for Co@NCNTs/NG-1 and Co(NO3)2·6H₂O for Co@NCNTs/NG-2. In both 1076 
cases, the precursors were mixed with glucose and urea, ground for 1 h, and then pyrolyzed at 1077 
800 °C for 2 h under Ar flow to obtain black powders. 1078 

Material characterization via XRD, SEM, TEM, XPS, BET, and TGA confirmed the formation of 1079 
porous structures with highly dispersed Co nanoparticles embedded within the N-doped carbon 1080 
matrix. The Co nanoparticles were tightly anchored, preventing aggregation and preserving 1081 
catalytic activity. The study highlights the benefits of N-doped carbon supports in providing 1082 
pseudo-metallic active sites, enhancing electron transfer, and anchoring Co nanoparticles, thereby 1083 
improving both HER and OER performance. This facile pyrolysis approach offers a scalable route 1084 
for the design of highly efficient cobalt-based bifunctional electrocatalysts . 1085 

These amorphous structures, with abundant active sites and enhanced electron transport, deliver 1086 
high performance for HER, OER, and overall water splitting, making them efficient and stable 1087 
electrocatalyst candidates. 1088 

1.5.6.3 Characterization of Novel Amorphous Structures 1089 

Novel amorphous structures, including amorphous metal alloys, doped amorphous carbons, and 1090 
amorphous-crystalline hybrids, exhibit exceptional electrocatalytic performance for HER, OER, 1091 
and overall water splitting 165–167. 1092 



Amorphous Co-W-B nanoparticles were synthesized via chemical reduction, with W content 1093 
systematically varied from 1-6 mol% 165. TEM and HR-TEM images show spherical amorphous 1094 
nanoparticles of 10-15 nm in diameter, uniformly dispersed with high surface area (~120 m2/g). 1095 
XPS confirmed Co2+ and B 1s signals at 188.5 eV, while W 4f peaks at 35.2-37.5 eV indicated 1096 
successful W incorporation. Electrochemical tests showed HER overpotentials of 172-185 mV and 1097 
OER overpotentials of 300-315 mV at 10 mA cm-2, with chronoamperometry confirming stability 1098 
over 48 h. DFT calculations revealed that W incorporation creates multiple catalytic sites, some 1099 
preferentially active for HER and others for OER, synergistically enhancing overall water splitting. 1100 
While XPS provides detailed surface composition, it does not capture morphology, making TEM 1101 
essential for structural confirmation. 1102 

The amorphous/crystalline Ni-Mo-O/Cu heterostructure was prepared via one-pot 1103 
electrodeposition and post-treated at 400 °C 166. TEM images show amorphous Ni-Mo-O domains 1104 
intimately coupled with crystalline Cu nanoparticles (~20-25 nm). XPS analyses of Ni 2p, Mo 3d, 1105 
and Cu 2p confirm oxidation states and element distribution, while BET analysis indicates a 1106 
surface area of 95 m2/g. The interface between amorphous Ni-Mo-O and metallic Cu facilitates 1107 
electron transfer and modifies hydrogen adsorption/desorption energies, enhancing HER activity. 1108 
Although TEM and XPS capture morphology and chemical composition, operando studies would 1109 
further elucidate dynamic structural transformations under reaction conditions. 1110 

Co@NCNTs/NG catalysts synthesized via pyrolysis show highly dispersed Co nanoparticles (~8-1111 
12 nm) embedded in N-doped carbon nanotubes and graphitic nanosheets 167. TEM and SEM 1112 
reveal uniform dispersion and porous structures. XPS indicates Co2+/Co3+ states and 1113 
pyridinic/graphitic nitrogen at 398.7-400.5 eV, while BET measurements report high surface areas 1114 
of 160-180 m2/g. TGA confirms thermal stability up to 800 °C. The tight anchoring of Co 1115 
nanoparticles prevents aggregation, preserving active sites, and the N-doped carbon matrix 1116 
enhances electron transfer. Limitations include the lack of direct operando observation of local 1117 
structural changes during HER/OER. 1118 

Overall, these studies demonstrate that abundant active sites, high surface area, defect-rich 1119 
amorphous domains, and heterointerfaces are crucial for high electrocatalytic performance. 1120 
Combining TEM, HR-TEM, XPS, BET, and TGA provides a comprehensive picture of 1121 
morphology, composition, and surface properties, while highlighting inherent limitations of each 1122 
technique. These insights guide the design of next-generation amorphous electrocatalysts for 1123 
scalable, efficient, and durable water splitting.  1124 

All in all, Amorphous electrocatalysts, with their disordered structures, offer abundant active sites, 1125 
superior electron transport, and structural flexibility, resulting in excellent HER, OER, and overall 1126 
water-splitting performance. Direct and indirect synthesis strategies, including electroless/pulse 1127 
electrodeposition, colloidal methods, chemical reduction, and post-treatment, allow precise control 1128 
over composition, morphology, and surface properties. Transition metal phosphides, borides, 1129 
oxides, hydroxides, chalcogenides, and novel doped or hybrid amorphous materials demonstrate 1130 
enhanced catalytic activity, stability, and scalability, making them promising candidates for next 1131 
generation sustainable water splitting technologies 1132 

1.6 Electrocatalytic Performance of Amorphous Structures in Water Splitting 1133 

Amorphous materials have attracted increasing attention as electrocatalysts for water splitting 1134 
because of their distinctive structural characteristics and promising performance. Building on the 1135 
discussions in the preceding sections, this part of the review highlights their electrocatalytic 1136 



behavior in water splitting. The following subsections focus on the activity of amorphous 1137 
structures in the HER, the OER, and their performance in overall water splitting systems. 1138 

1.6.1 Hydrogen Evolution Reaction 1139 

Amorphous electrocatalysts are becoming acknowledged as viable HER electrodes due to their 1140 
short-range order and flexible bonding, which stabilize numerous under-coordinated sites while 1141 
accommodating surface rebuilding under bias. In oxides, borides, phosphides/phosphosulfides, 1142 
sulfides, and metallic alloys, a common strategy is to create the disordered phase directly on a 1143 
conductive framework to reduce contact resistance and enhance mass transport; and when 1144 
improved bubble release is observed, it is typically linked to the accompanying wettability and 1145 
micro/nanotexture of the architecture rather than amorphization alone. The particular benefits 1146 
therefore depend strongly on composition, surface chemistry, and electrode morphology.  1147 

Among phosphides, W-doped Fe-phosphide grown as nano-flake arrays on iron foam (Figure 10b) 1148 
demonstrates how superhydrophilicity can amplify the benefits of disorder 168. After a simple 1149 
corrosion step and low-temperature phosphidation (Figure 10a), the resulting binder-free electrode 1150 
shows featureless diffraction and uniform Fe/W/P/O mapping; more importantly, it combines a 1151 
near-zero contact angle with a high density of under-coordinated sites. The device-level payoffs 1152 
are clear: η10 = 35 mV in 1 M KOH as shown in Figure 10c (with competitive η at 50/500/1000 1153 
mA cm-2), η10 = 105 mV in PBS, and η10 = 67 mV in alkaline seawater, all with low Rct and good 1154 
stability. This result also illustrates an electrode-format comparison point, binder-free 3D foams 1155 
can outperform drop-cast powder electrodes (e.g., on glassy carbon) because direct growth lowers 1156 
contact resistance and the superhydrophilic/superaerophobic interface accelerates bubble release 1157 
at high current density 169170. The authors attribute the intrinsic activity to W-induced electronic 1158 
tuning within the amorphous lattice and facile bubble disengagement at high current densities. 1159 
Accordingly, when comparing “amorphous vs crystalline” phosphides, it is important to consider 1160 
both intrinsic descriptors and the electrode-level wetting/bubble behavior enabled by the chosen 1161 
substrate 170.  1162 

In a one-bath conversion route, Pang et al.171 synthesized Fe-Co carbonate-hydroxide nanosheets 1163 
coated by amorphous Co-S-P shells, which deliver η10 = 73 mV (Figure 10d) in 1 M KOH. This 1164 
ordered-core/amorphous-shell motif provides a structure-performance rationale, the hydroxide-1165 
derived scaffold promotes electrolyte access and water activation in alkaline media, while the 1166 
amorphous Co-S-P shell supplies abundant unsaturated sites and locally tunable electronic 1167 
structure, so the interface can outperform a single-phase phosphide at similar loading 172. The 1168 
activity enhancement tracks with higher Cdl, consistent with more accessible sites. At the same 1169 
time, the Cdl increase suggests that part of the improvement may be architecture-enabled (exposed 1170 
area/porosity), motivating comparisons on identical substrates when available.  1171 

A different structural motif, amorphous ball-in-ball hollow spheres 173, encapsulates oxygen-1172 
containing amorphous Co-P-O within N-doped carbon. Here, minimal structural proof suffices 1173 
(diffuse SAED, featureless XRD (Figure 10e), and oxygen-vacancy ESR signals) to support the 1174 
claim; the catalytic readout in 1 M KOH (in Figure 10f it is obvious that η10 is 157 mV, lower slope 1175 
than the single-shell control) aligns with the idea that oxygen vacancies and a conductive carbon 1176 
framework together ease water dissociation and charge transport. This example also helps compare 1177 
structure formats, unlike binder-free foam electrodes, carbon-encapsulated hollow architectures 1178 
rely on internal conductive networks to maintain percolation, so the performance gains are often 1179 
linked to coupling “defect-rich amorphous domains” with “engineered electron pathways” rather 1180 



than amorphousness alone. Stability at 10 mA cm-2 over 12 h further supports the platform’s 1181 
robustness.  1182 

In other work, which was conducted by Cao et al. 174; as shown in Figure 10g, one-step, room-1183 
temperature electrodeposition/phosphidation yields amorphous NiCoP/CC, characterized by 1184 
roughened nano-textured surfaces (Figure 10h) and charge-transfer signatures. In 1 M KOH, 1185 
NiCoP/CC reaches η10 = 74 mV (101/149 mV at 20/50 mA cm-2)(Figure 10i), with markedly lower 1186 
Rct than binary controls and durable operation over 2000 cycles and 24 h galvanostatic testing 1187 
while remaining amorphous. So this work shows that electrodeposition on carbon cloth improves 1188 
electrical continuity versus powder/binder films, helping the amorphous NiCoP motifs translate 1189 
into lower Rct and practical current-density operation. 1190 
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Figure 10. (a) Synthesis route of W-Fe-P/IF; (b) SEM micrograph of W-Fe-P/IF; (c) LSV curves 1191 
of Pt/C, W-Fe-P/IF, W-Fe /IF, Fe-P/IF, and IF 168. (d) HER polarization curves of synthesized 1192 

materials 1 M KOH 171. (e) XRD pattern of BIB-Co-P-O@NC; (f) HER electrochemical 1193 
measurements of structures 1 M KOH 173. (g) Synthesis route of NiCoP/CC; (h) SEM image of 1194 

NiCoP/CC; (i) Electrochemical measurements as-prepared catalysts 1 M KOH 174. 1195 

Amorphous Fe-Ni-B nanosheets, which was synthesized by Yadav et al. 175, illustrate how disorder 1196 
can be coupled to ultrathin morphology. A microemulsion NaBH4 reduction produces 3-4 nm 1197 
sheets (high specific area), uniform Fe/Ni/B mixing, and a single broad XRD hump near 45° 1198 
(Figure 11a). Ultrathin amorphous boride-type networks are particularly effective in alkaline HER 1199 
because they expose abundant under-coordinated motifs while minimizing solid-state transport 1200 
lengths, which can accelerate the Volmer-Heyrovsky pathway when charge transfer is not rate-1201 
limiting 176. The optimized Fe1.0Ni1.0B reaches η10 = 70 mV and maintains low overpotentials at 1202 
100/500/1100 mA cm-10 (149/186/204 mV) (Figure 11b). This high-current behavior is also 1203 
consistent with an electrode-format advantage of ultrathin, binder-free (or strongly adhered) 1204 
nanosheet architectures relative to drop-cast powder films, where contact resistance and bubble 1205 
blocking can become dominant at large j 177. A small Rct (2.2 Ω), and durability over ~6000 cycles 1206 
point to accelerated Volmer-Heyrovsky kinetics enabled by the amorphous network; crystallization 1207 
at 500 °C degrades both η10 (136 mV) and Tafel slope (54 mV dec-1), directly linking performance 1208 
to the disordered state.  1209 

As a complementary carbon-hosted approach, Co@NC nanoparticles prepared by wetness 1210 
impregnation followed by thermal amorphization (500 °C) convert a crystalline interlaced 1211 
nanoflower into an amorphous nanochain (Figure 11d) network with homogeneous Co/N/C/O 1212 
distribution and Co-N coordination 157. This structure-format comparison is informative, unlike 1213 
free particles on planar electrodes, carbon-encapsulated nanochains provide continuous electronic 1214 
percolation and stabilize highly dispersed Co sites (including Co-N motifs), so the performance 1215 
gain reflects both amorphization and electrode-level conductivity/anchoring effects. In 1.0 M KOH 1216 
the catalyst delivers η10 = 142 mV (vs. 301 mV for the crystalline precursor) (Figure 11e), low 1217 

(g) 
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charge-transfer resistance (1.8 Ω), and enlarged double-layer capacitance (~56.9 mF cm-2). The 1218 
conductive N-carbon encapsulation improves charge transport and protects Co sites, sustaining 1219 
HER for ~80 h with ~1.3% potential drift as shown in Figure 11f. 1220 

  

   

Figure 11. (a) Fe-Ni-B nanosheets XRD pattern; (b) Polarization curves, and (c) Tafel slopes of 1221 
synthesized materials 1 M KOH 175. (d) FESEM micrograph of Co@NC nanoparticles; (e) Pt/C, 1222 

Co@Pyn- nanoparticles, and Co@NC- nanoparticles LSV curves 1 M KOH; (d) Co@NC- 1223 
nanoparticles stability test 157. 1224 

In oxide systems, CoNiRuOₓ grown on Ni foam exemplifies how composition and topology can 1225 
be co-tuned at room temperature 178. A corrosion-replacement process produces a conformal 15-1226 
20 nm nanoparticle layer; spectroscopies show that Ru incorporation perturbs the M-O 1227 
environment, consistent with an electronically modified amorphous oxide. In alkaline HER, Ru 1228 
incorporation into Ni/Co-oxide environments is frequently rationalized as improving the water-1229 
dissociation step and interfacial charge transfer, so the strong kinetics here are consistent with a 1230 
“local electronic/coordination tuning” role rather than surface area alone 179. In 1 M KOH, the 1231 
electrode requires only η10 = 43 mV (Figure 12b) and sustains 100 mA cm-1 for over 100 h (Figure 1232 
12c) with negligible decay. This performance should also be viewed in the context of electrode-1233 
format comparison: conformal, binder-free coatings on 3D Ni foam often show lower interfacial 1234 
resistance and better gas removal than drop-cast powder films on planar substrates, particularly at 1235 
elevated current densities 170,180. Lower Rct and enlarged ECSA (relative to Co/NF, Ru/NF, and 1236 
bare NF) indicate that the activity gain is intrinsic to the disordered, binder-free coating; minor Ru 1237 
leaching does not compromise performance. Accordingly, the most convincing structure–1238 
performance interpretation in this case is that amorphization supplies abundant accessible motifs 1239 
while the 3D foam architecture ensures electronic percolation and bubble disengagement, allowing 1240 
intrinsic gains to translate into practical operation.  1241 
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Likewise, Jiang et al. 181 realized a binder-free amorphous NiOx leaf array on Ni foam via one-step 1242 
H2O2-assisted hydrothermal oxidation (Figure 12d). This “leaf-array on foam” configuration 1243 
provides a clear structural comparison against conventional powder electrodes: the open, oriented 1244 
array increases electrolyte accessibility and accelerates bubble detachment. With diffraction free 1245 
of NiO peaks and fringe-free domains, NiOx/NF reaches η10 = 70 mV and maintains 318/361 mV 1246 
at 500/1000 mA cm-2 (Figure 12e), outperforming Pt/C at high current. A low resistance has been 1247 
shown, Rct = 51.3 Ω, Cdl = 17.8 mF cm-2, and stable 50 h at 20 mA cm-2 and 1000 cycles corroborate 1248 
that the amorphous network and NiOx/Ni interface jointly enhance site accessibility and charge 1249 
transfer. More broadly, high-current alkaline electrolysis studies increasingly emphasize that 1250 
bubble dynamics and flow/porous-electrode design can be decisive at industrially relevant current 1251 
densities, reinforcing why array/foam electrodes frequently outperform planar electrodes even for 1252 
similar catalyst chemistries 180. 1253 

 
  

  

Figure 12. (a) HRTEM and SAED images of CoNiRuOx/NF, (b) LSV curves of Pt/C, 1254 
CoNiRuOx/NF, Ru/NF, Co/NF, and NF 1 M KOH; (c) Chronopotentiometric pattern of 1255 

CoNiRuOx/NF 178. (d) Synthesis route of NiOx/NF; (e) LSV curves of NiOx/NF, Pt/C, NiOx/NF-1256 
C1, and NF 1 M KOH 181.  1257 

In sulfide materials, amorphous FeS nanorods grown in octylamine by Zhang et al. 182 give a useful 1258 
counterpoint. As it is obvious in Figure 13a the material shows η10 = 67 mV in 0.5 M H2SO4. 1259 
Lower Rct (5.5 Ω) (Figure 13b) and higher Cdl (8.7 mF cm-2) than crystalline counterpart, together 1260 
with durability under 2500 cycles and 80 h galvanostatic testing, trace the advantage to defect-rich 1261 
amorphous domains that preserve activity under corrosive conditions. Notably, this “amorphous 1262 
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vs crystalline” comparison is particularly meaningful in acidic media, where stability constraints 1263 
often eliminate many non-noble candidates; amorphization can help maintain activity by tolerating 1264 
defect formation and structural relaxation without catastrophic loss of catalytic ensembles 183. 1265 

In strong base, Co-Ni-S nanoflakes on carbon cloth (ligand-assisted oxide growth followed by 1266 
mild vulcanization) (Figure 13c) show modest η10 = 192 mV (Figure 13d); yet, after ECSA 1267 
normalization they exhibit higher intrinsic rates than ordered analogues 184. This is an important 1268 
structure/format point to consider that, ECSA-normalized rates (jECSA) are widely recommended 1269 
for comparing intrinsic activity across different morphologies and electrode formats, because 1270 
geometric currents can be dominated by roughness/porosity differences 185. In addition, carbon 1271 
cloth electrodes often outperform planar drop-cast films because the textile architecture improves 1272 
electrical percolation and mitigates catalyst layer delamination/leaching under gas evolution, 1273 
which should be considered when comparing sulfide nanoflakes on CC against other supports 186. 1274 
Low Rct (2.32 Ω), small η shifts after 1000 cycles, and stable 36 h operation at 10 mA cm-2 (Figure 1275 
13e) indicate that defect mediated surface rearrangement in the amorphous state can sustain 1276 
kinetics under polarization. 1277 
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Figure 13. (a) LSV measurements of materials in 0.5 M H2SO4; (b) a-FeS, c-FeS-300 and c-FeS-1278 
500 Nyquist plots 182. (c) Co4Ni1S/CC preparation schematic; (d) HER polarization curves of as-1279 

prepared materials in 1 M KOH; (e) Co4Ni1S/CC LSV curves before and after 1000 cycles of 1280 
usage (inset is chronopotentiometry test) 184. 1281 

In other experiment, which was conducted by Jian et al. 187 they analyze the effect of amorphization 1282 
in HER. This thin-film platform also makes the “amorphization effect” easier to interpret than in 1283 
many powder studies, because sputtered alloys minimize binder effects and allow more controlled 1284 
structure/composition comparisons on the same conductive scaffold (Ni foam). In this work, 1285 
amorphous Cu-W thin films that were co-sputtered onto Ni foam, as well as the effect of the 1286 
percentage composition of these two elements on the amorphization of this microstructure, which 1287 
is shown in Figure 14a, were investigated. Cu50W50 reaches η10 = 65 mV (194 mV at 100 mA cm-1288 
2) in 1 M KOH (Figure 14b) and η10 ≈ 158 mV in 0.5 M H2SO4 (Figure 14c), which was better 1289 
than the crystalline structure, and remains stable for 200 h at 100 mA cm-2 and 50 h even at 800 1290 
mA cm-2. This performance therefore provides a useful comparison against other electrode formats, 1291 
conformal, binder-free coatings on 3D foams commonly exhibit lower interfacial resistance and 1292 
improved gas removal compared with drop-cast powder films on planar substrates, especially at 1293 
high current densities. DFT suggests that amorphization shifts the d-band and brings ΔGH close to 1294 
zero, highlighting an adsorption-energy mechanism rather than solely a site-count effect. This 1295 
ΔGH-based interpretation is consistent with broader thin-film alloy electrocatalysis discussions, 1296 
where tuning adsorption energetics (rather than simply increasing roughness/ECSA) is emphasized 1297 
as the primary origin of intrinsic activity shifts. 1298 

For ternary amorphous films formed in situ, a hydrothermal NiFeMo layer on Ni foam provides a 1299 
clean comparison against NiFe and bare Ni supports 188. Prepared at 180 °C (12 h) in 1300 
FeCl3/Na2MoO4, the film shows only Ni-foam reflections (XRD) with a diffuse SAED halo and 1301 
surface Ni2+/Fe3+/Mo6+ by XPS; the pod-like coating uniformly covers the 3D scaffold. In 1.0 M 1302 
KOH it delivers η10 = 180 mV (vs 273 mV for NiFe/NF; 264 mV NF) (Figure 14d), and as shown 1303 
in Figure 14e 20 h stability at 10 mA cm-2 evidence that the amorphous matrix plus direct electrical 1304 
coupling boost alkaline Volmer-Heyrovský kinetics. Accordingly, this system also serves as an 1305 
electrode-type comparison: relative to powders deposited on inert substrates, in-situ grown 1306 
amorphous films on Ni foam can reduce contact resistance and stabilize the catalyst layer under 1307 
long electrolysis, which is particularly important for interpreting structure-performance claims. 1308 
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Figure 14. (a) As-prepared samples XRD patterns; LSV measurements for materials in (b) 1313 
alkaline (1 M KOH), and (c) acidic conditions (0.5 M H2SO4) 

187. (d) Polarization curves for 1314 
NiFeMo/NF, NiFe/NF, and NF 1 M KOH; (e) NiFeMo/NF stability test 188.  1315 
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On highly alkaline electrolytes, electrodeposited amorphous NiMo on Ni foam underscores the 1316 
benefit of binder-free integration for ohmic and bubble-management losses 189. The optimized pH 1317 
10 film (NiMo(pH10)) yields η10 = 63.9 mV and η100 = 157.1 mV (6 M KOH, 80% iR compensation) 1318 
(Figure 15c), maintains performance on scale-up, and runs at 100 mA cm-2 for 100 h with only 1319 
localized cracking/partial peeling minor morphological changes (Figure 15a and Figure 15b) that 1320 
do not materially impact activity. Such durability under high alkalinity/high current aligns with 1321 
broader findings that NiMo coatings are particularly effective when structure-engineered as 1322 
strongly coupled films/arrays on conductive scaffolds rather than as thick, binder-containing layers 1323 
190. Kinetic analysis indicates a Volmer-limited Volmer-Heyrovský pathway and the smallest 1324 
Nyquist semicircle among comparators. In parallel, amorphous Ni-Sb-P films on graphite provide 1325 
a porous, super-wetting alternative 191: super-hydrophilicity/aerophobicity (contact angle < 10°) 1326 
aids bubble release, while low Rct (4.2 Ω cm-2) (Figure 15e) and η10 = 77 mV (Figure 15d); long 1327 
chronoamperometric/chronopotentiometric tests show minimal degradation, consistent with a 1328 
defect-rich amorphous matrix that exposes active sites without binder penalties. This supports a 1329 
structure-performance rationale, amorphous NiMo can provide abundant accessible motifs while 1330 
the foam architecture minimizes interfacial resistances, so improved charge-transfer characteristics 1331 
are reflected directly in the Nyquist response. 1332 

Finally, ultrasmall amorphous RuFeP clusters on carbon nanofibers, which was synthesized by 1333 
Yang et al. 192, provide a noble-lean benchmark approaching Pt-like behavior. The NaBH4-assisted 1334 
nucleation followed by low-temperature phosphidation yields 0.4–3.6 nm clusters that remain 1335 
amorphous and uniformly dispersed (Figure 15f); this ultrasmall, amorphous-cluster motif is also 1336 
an important structure-format comparison versus conventional nanoparticles, because maximizing 1337 
the fraction of surface atoms improves noble-metal utilization while the amorphous state provides 1338 
locally flexible coordination environments 192. in 1.0 M NaOH the system reaches η10 = 16 mV 1339 
(65.8 mV in 0.5 M H2SO4) (Figure 15g and Figure 15h), and 100 h stability in both electrolytes. 1340 
This performance can be interpreted in electrode-type terms as well: carbon nanofiber supports 1341 
provide continuous electronic percolation and suppress cluster agglomeration, helping the intrinsic 1342 
activity of ultrasmall amorphous phosphide clusters translate into stable device-level currents 192. 1343 
As a useful comparison to other Ru-phosphide structures discussed in the broader literature, 1344 
crystalline/amorphous Ru-RuP core-shell motifs and Ru-alloyed iron phosphides also emphasize 1345 
that interfacial/electronic tuning of Ru-P environments can deliver Pt-competitive HER kinetics 1346 
with reduced precious-metal loading 193,194. Computations attribute the activity to near-optimal 1347 
ΔGH* and favorable alkaline water-dissociation energetics, reinforcing that amorphization can tune 1348 
adsorption thermodynamics, not just site density. This aligns with recent Ru-based HER design 1349 
discussions that repeatedly identify adsorption-energy optimization and interfacial synergy (rather 1350 
than surface area alone) as the primary route to Pt-like behavior at lower Ru usage 195. Notably, a 1351 
review on Ru2P-type and related Ru-phosphide motifs specifically highlights amorphous RuFeP 1352 
nanoclusters supported on carbon nanofibers as an example of Pt-level overpotentials in both 1353 
alkaline and acidic media, underscoring the broader relevance of this structural strategy 196. 1354 



  
 

  

   

Figure 15. (a) SEM micrograph of NiMo(pH10); (b) SEM micrograph of  NiMo(pH10) after 1355 
stability test; (c) LSV curves of materials in 6 M KOH 189. (d) LSV curves of different structures 1356 

for HER activity in 1 M KOH; (e) Nyquist plots of the Ni-Sb-P, Ni-Sb, and Ni 191; (f) TEM 1357 
image of RuFeP-NCs/CNF, Inset is a size distribution histogram of RuFeP-NCs; LSV curves of 1358 

synthesized materials in (g) 1 M NaOH, and (h) 0.5 M H2SO4 
192. 1359 

Taken together, these studies show that amorphous phases offer multiple, sometimes 1360 
complementary levers, active-site abundance, adsorption-energy tuning, and in cases where 1361 
amorphous coatings also exhibit hydrophilic surface chemistry and hierarchical 1362 
porosity/roughness improved wetting and bubble management, and mechanical tolerance to 1363 
reconstruction, that translate into low overpotentials and durable high-current HER across acids, 1364 
bases, and even saline environments. When comparing absolute values, differences in electrolyte 1365 
(e.g., 6 M KOH vs. 1 M KOH or PBS), iR compensation, and geometric vs. intrinsic normalization 1366 
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must be kept in view; accounting for these variables, amorphization emerges as a robust and 1367 
generalizable strategy for HER electrocatalyst design. 1368 

Table 2 provides a concise comparison of amorphous HER catalysts across chemistries and 1369 
supports, summarizing η at 10 mA cm-2, high-current performance, and durability under the 1370 
authors’ reported conditions. Read left to right, it shows which systems pair low kinetic barriers 1371 
with stable operation at practical current densities. Taken together, the comparisons highlight a 1372 
consistent trend: amorphous architectures, especially when directly integrated with conductive 1373 
scaffolds and/or using multi-component compositions, deliver lower overpotentials, competitive 1374 
Tafel slopes, and robust high-current stability. 1375 

Table 2. Performance of different amorphous electrocatalysts in HER process. 1376 

Catalyst 

(Support) 
Electrolyte 

η at 10 mA 

cm-2 (mV) 
High-j point (mV) Stability 

Refer

enenc

e 

W-Fe-P 

(iron foam) 

1 M KOH / 

PBS / alk. 

seawater 

35 (KOH); 

105 (PBS); 

67 

(seawater) 

93 @ 50; 354 @ 

500; 404 @ 1000 

mA cm-2 (KOH) 

15 h @ 10 mA 

cm-2; 15 h @ 

500 mA cm-2 

168 

Co-S-P / Fe-

CoCOH (Ni 

foam) 

1 M KOH 73 — 

24 h two-

electrode @ 

1.5–1.7 V 

171 

Ball in Ball-

Co-P-

O@NC 

1 M KOH 157 — 
12 h @ 10 mA 

cm-2 
173 

NiCoP 

(carbon 

cloth) 

1 M KOH 74 
101 @ 20; 149 @ 

50 mA cm-2 

24 h @ −10 

mA cm-2; 2000 

CV 

174 

Fe1.0Ni1.0B 

nanosheets 
1 M KOH 70 

149 @ 100; 186 @ 

500; 204 @ 1100 

mA cm-2 

~6000 CV 

(negligible 

drift) 

175 

Co@NC 

nanochains 
1 M KOH 142 — 

~80 h (Δη ≈ 

1.3%) 
157 

CoNiRuOx 

(Ni foam) 
1 M KOH 43 — 

100 h @ 100 

mA cm-2 
178 

NiOx leaf 

arrays (Ni 

foam) 

1 M KOH 70 
318 @ 500; 361 @ 

1000 mA cm-2 

50 h @ 20 mA 

cm-2; 1000 CV 
181 



amorphous-

FeS 

nanorods 

0.5 M H₂SO₄ 67 
200 @ 141.2 mA 

cm-2 

2500 CV; 80 h 

@ 80 mV 
182 

Co4Ni1S 

(carbon 

cloth) 

1 M KOH 192 — 
36 h @ 10 mA 

cm-2; 1000 CV 
184 

Cu50W50 (Ni 

foam) 

1 M KOH / 

0.5 M H₂SO₄ 

65 (KOH); 

≈158 (acid) 

194 @ 100 mA cm-

2  (KOH) 

200 h @ 100 

mA cm-2; 50 h 

@ 800 mA cm-

2 

187 

NiFeMo (Ni 

foam) 
1 M KOH 180 — 

20 h @ 10 mA 

cm-2 
188 

NiMo(pH10

) (Ni foam) 
6 M KOH 63.9 

157.1 @ 100 mA 

cm-2 

100 h @ −100 

mA cm-2 
189 

Ni-Sb-P 

(graphite) 
1 M KOH 77 — 

90 h @ −100 

mA cm-2; 1000 

CV; 24 h 

(98%) 

191 

RuFeP NCs 

(CNF) 

1 M NaOH / 

0.5 M 

H2SO4 

16 (base) / 

65.8 (acid) 

111 @ 100 mA cm-

2 (base) / 132 @ 

100 mA cm-2  

(acid) 

100 h (acid & 

base) 
192 

 1377 

1.6.2 Oxygen Evolution Reaction 1378 

Amorphous OER electrodes are frequently contain defect-rich, short-range-ordered backbones can 1379 
accommodate in situ surface reconstruction to oxy(hydroxide)-like active layers while maintaining 1380 
electrical contact to the current collector. Nevertheless, amorphousness does not universally 1381 
guarantee higher OER performance: in acidic electrolytes relevant to PEM water electrolysis, 1382 
crystalline/rutile IrO2 remains a widely used benchmark, largely due to its practical stability; and 1383 
in alkaline media, several crystalline oxide families (e.g., perovskites/double perovskites) exhibit 1384 
high intrinsic activity. Accordingly, throughout this section we interpret “amorphous advantages” 1385 
primarily in terms of the structural/electrode features that frequently accompany disordered phases 1386 
(active-site density, reconstruction dynamics, and electrode integration), and we avoid treating 1387 
crystallinity as a standalone performance descriptor. 1388 

Amorphous phosphides continue to set the pace for alkaline OER because they combine short-1389 
range disorder with surfaces that reconstruct into highly active oxy(hydroxide) skins. This 1390 
“phosphide-as-precatalyst” interpretation is now widely accepted in alkaline OER studies, where 1391 
phosphide surfaces undergo rapid (oxy)hydroxide conversion and the steady-state activity is often 1392 



governed by the reconstructed skin rather than the pristine phosphide lattice 197. On nickel-iron 1393 
foam, Wang et al 198. used a corrosion/etching phosphidation sequence to anchor Mo-doped NiFeP 1394 
nanospheres (Figure 16a). The film is X-ray amorphous and superhydrophilic (≈0° contact angle); 1395 
STEM-EDS shows uniform Ni/Mo/Fe/P/O dispersion. Mo-doping in NiFe phosphide/derived 1396 
systems is frequently rationalized as enhancing electronic interactions and charge transfer during 1397 
OER reconstruction, which supports the “composition-tuned reconstruction” explanation implied 1398 
here 199. In 1.0 M KOH it delivers η10/η50/η500/η1000 = 207/227/310/330 mV (Figure 16b). Multi-1399 
step and constant-current tests (10-500 mA cm-2) show negligible drift, morphology is retained, 1400 
and in alkaline seawater the electrode maintains η10 = 257 mV without chlorine evolution, evidence 1401 
that amorphization + high-valent Mo accelerates charge transfer while the measured 1402 
superhydrophilic surface and 3D foam-supported nanostructure likely support high-current 1403 
operation by facilitating electrolyte replenishment and bubble removal. 1404 

A phosphate analogue underscores the same motif. researchers introduced Co into an amorphous 1405 
FePO4 framework via a mild hydrothermal route as shown in Figure 16d 200. This system provides 1406 
a useful structure-only comparison against the phosphide-on-foam case above, because it is 1407 
evaluated on glassy carbon where the electrode architecture advantage is reduced and intrinsic 1408 
kinetic trends (e.g., Rct/Tafel/Cdl shifts) are more clearly reflected in the measured response. 1409 
Without belaboring full phase proofs, the key point is that Co-FePO4, still largely disordered, 1410 
lowers η10 to 320 mV (Figure 16e) with a Tafel slope of 64 mV dec-1 on glassy carbon; Cdl increases 1411 
and Rct drops versus FePO4, consistent with added redox-active centers and faster interfacial 1412 
kinetics within an amorphous phosphate backbone. In other words, relative to the phosphide 1413 
examples where reconstructed oxy(hydroxide) skins and foam-enabled transport can dominate, 1414 
this phosphate case highlights the more direct role of cation tuning within a disordered polyanion 1415 
framework in shifting interfacial kinetics on a planar electrode. A 32 h durability test with retained 1416 
morphology closes the loop. Together these P-family cases show how disorder and moderate cation 1417 
tuning converge, and in some cases concomitant superwetting surface states and porous textures 1418 
further support high-current operation by improving mass transfer and bubble removal. 1419 
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Figure 16. (a) Synthesis illustration of Mo-NiFeP/NIF; (b) LSV curves, and (c) Tafel slopes of 1420 
obtained catalysts in 1 M KOH 198. (d) Synthesis schematic of Co–FePO4; (e) LSV curves bare 1421 

GC, Co–FePO4 /GC, FePO4/GC, and IrO2 in 1 M KOH 200. 1422 

Boride-rich glasses couple electronic disorder with high site density. Wang et al. 201 reported 1423 
amorphous Mn-Co-B nanoparticles (15-50 nm) with a single XRD hump near 45° as it is obvious 1424 
in Figure 17a. The optimized MnCoB-1 records η10 = 292 mV (Figure 17b), outpacing CoB; EIS 1425 
shows the smallest semicircle, Cdl ≈ 39.4 (Figure 17c) and ECSA ≈ 985 cm2 are large, and DFT 1426 
assigns a lower ΔG for the O → OOH** step, indicating adsorption-energy tuning, not just surface 1427 
area. 1428 

Among oxides, the clearest through-line is that disordered lattices provide both reconstruction 1429 
tolerance and favorable adsorption energetics once biased into oxyhydroxide states. Amorphous 1430 
CoOx grown on N-doped carbon (CoOx/CNx) 

202: with only a light structural touch 1431 
(SAED/HRTEM showing mostly amorphous domains) (Figure 17d), the emphasis falls on 1432 
performance, η10 = 310 mV (Figure 17e) and 60.7 mV dec⁻¹ (Figure 17f) in 1.0 M KOH, plus 1433 
strong stability (≈24-100 h) and ~94% O2 Faradaic efficiency. This is also a useful 1434 
structure/support comparison, CoOx anchored on N-doped carbon supports is widely reported to 1435 
benefit from improved electronic coupling and conductivity relative to unsupported oxides or 1436 
weakly contacted powders, which can elevate mass activity/TOF even when detailed 1437 
crystallography is not the main focus. Interfacial coupling to CNx (lower Rct, higher mass 1438 
activity/TOF) rather than heavy crystallography explains the kinetic gains.  1439 

Another oxide exemplar is an ultralow Ru incorporated amorphous cobalt oxide on Ni foam (Ru–1440 
CoOx/NF) 203. The film is made by growing ZIF-L nanosheets on NF, calcining at 250 °C (air) to 1441 

(d) (e) 

(b) 



CoOx/NF, then briefly soaking in RuCl3 (ethanol) and re-annealing at 250 °C under inert gas to 1442 
yield Ru-CoOx/NF while preserving the vertical-nanosheet morphology as shown in Figure 17g. 1443 
MOF-derived Ru-doped CoOx systems are commonly interpreted through, interface engineering 1444 
and electronic modulation at ultralow Ru contents, which supports the idea that small amounts of 1445 
Ru can disproportionately influence charge transfer during OER on Co-based oxides 204. TEM 1446 
shows no lattice fringes and XRD of scraped powder is featureless as it is obvious in Figure 16h 1447 
(only NF peaks on the intact electrode), confirming an amorphous phase; EDX maps Ru uniformly, 1448 
and XPS registers Co 2p shifts to higher binding energy after Ru insertion. In 1.0 M KOH the 1449 
electrode reaches η100 = 220 mV and η1000 = 370 mV  (Figure 17i), alongside a large Cdl ≈ 102 mF 1450 
cm⁻² and the smallest Rct among controls; durability is excellent (∼100 h i-t and 10000 CV cycles 1451 
with minimal change). Post-activation XPS/Raman indicate surface reconstruction to β-CoOOH 1452 
(e.g., O 1s ≈ 531.0 eV; Raman at ~694/488 cm-1), illustrating the general point that an amorphous 1453 
lattice tolerates, and indeed facilitates, the oxyhydroxide transition while maintaining adhesion 1454 
and high-current operation. In situ/operando studies on cobalt oxides further emphasize that the 1455 
route and extent of reconstruction toward CoOOH-like states can strongly correlate with OER 1456 
activity, reinforcing why, reconstruction tolerance is a central structure-performance rationale for 1457 
amorphous oxides 205. 1458 

A deliberately modest benchmark is Tao et al. 139, whose porous, poorly crystalline MoO2 shows 1459 
only weak reflections and moderate OER metrics (potential at 10 mA cm-2 decreasing from 2.808 1460 
→ 2.414 V vs RHE when moving from 0.1 to 1.0 M KOH (Figure 17j). This provides a helpful 1461 
structure comparison within oxides, porous/poorly crystalline can improve accessibility and lower 1462 
resistance relative to fully crystalline parents, but the magnitude of the gain is strongly system-1463 
dependent and is not necessarily comparable to reconstruction-driven Co/Ni oxyhydroxide 1464 
platforms 29. The instructive point is conceptual: even when numbers aren’t record-setting, 1465 
amorphization and porosity reproducibly increase accessible under-coordinated sites and lower 1466 
interfacial resistance relative to crystalline parents. 1467 
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Figure 17. (a) XRD pattern of MnCoB; LSV curves (b) and current density vs. scan rate plot (c) 1468 
for materials 201. (d) HRTEM micrograph of CoOx /CNx; (e) LSV curves of synthesized materials 1469 
in 1 M KOH; (f) Tafel slope of synthesized structures 202. (g) SEM micrograph of Ru-CoOx/NF; 1470 

(h) XRD patterns of Ru-CoOx and Ru-CoOx/NF; (i) LSV measurement of manufactured 1471 
structures in 1 M KOH 203. (j) LSV analyses of MoO2 in different electrolytes 139.  1472 

Amorphous sulfides commonly act as catalysts that restructure to oxy(hydroxide)-like skins under 1473 
OER, and their initial disorder aids both this transformation and charge transport. This sulfide-to-1474 
oxy(hydroxide) skin, pathway has been repeatedly emphasized as the dominant structure-1475 
performance rationale for sulfides in alkaline OER, where surface oxidation generates the active 1476 
oxyhydroxide while the sulfide core/backbone supports conductivity and mechanical integrity 206. 1477 
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Using a binder-free route, Kale et al. 207 deposited composition-tunable (Co3Mn2)S nanosheets. 1478 
The film remains amorphous post-OER while the surface oxidizes, a behavior that coincides with 1479 
η10/η50 = 243/290 mV (Figure 18a); a “house-of-cards” nanosheet network yields high ECSA 1480 
(~280 cm2) and Rct that decreases with bias, rationalizing the kinetics and ~88% Faradaic 1481 
efficiency. This is also an electrode-structure comparison point, binder-free nanosheet networks 1482 
on conductive substrates often outperform powder/binder films on planar electrodes at high current 1483 
density because they provide continuous electronic percolation and reduce bubble-induced site 1484 
blocking 208. 1485 

Pushing hierarchical design, researchers, built sulfate-intercalated FeNiS@FeS LDH nanoflowers 1486 
(Figure 18c) 209; without repeating the entire structural suite, the headline results, η50/η100 = 1487 
226/234 (Figure 18d) mV, Rct ≈ 1.2 Ω (Figure 18e), and 50 h at 50 mA cm-2, show what interfacial 1488 
synergy in an amorphous heterostructure can do, including j = 500 mA cm-2 at ~322 mV. In terms 1489 
of structure-performance comparison, this example highlights why heterostructures (FeNiS@FeS 1490 
coupled with LDH features) are often more effective than single-phase sulfides: interfacial bonding 1491 
and mixed-valence pathways can accelerate charge transfer during oxyhydroxide formation while 1492 
the hierarchical morphology maintains electrolyte access at large j. 1493 

Additionally, Maghool et al. 210 converted a Ce-doped ZIF-67 into an amorphous Ce-CoS. MOF-1494 
derived sulfides are frequently discussed as “pre-organized” architectures in which amorphization 1495 
plus heteroatom/dopant incorporation creates abundant accessible motifs and short diffusion paths, 1496 
offering a meaningful comparison against conventional bulk sulfides 211. At 1.0 M KOH the 1497 
catalyst reaches η100 = 291 mV as it is obvious in Figure 18b and markedly lower Rct (~3.8 Ω) than 1498 
crystalline intermediates; 10 h chronopotentiometry with preserved morphology supports the view 1499 
that amorphization and S incorporation improves carrier mobility and site accessibility. More 1500 
broadly, surveys of transition-metal sulfides for oxidation electrocatalysis also stress that 1501 
controlled surface oxidation to active oxyhydroxide layers, enabled by conductive sulfide 1502 
backbones, is a recurring reason sulfides remain competitive OER precatalysts 212. 1503 

  

(a) 
(b) 



 

  

Figure 18. (a) LSV measurement of manufactured materials 207. (b) LSV polarization of ZIF-67, 1504 
Ce-ZIF-67, Ce-CO, Ce-CS 210. (c) SEM image of FeNiS@FeS/NF; LSV curves (d), and Nyquist 1505 

plots (e) of FeNiS@FeS LDH/NF, FeNiS@NiS LDH/NF, FeNiS LDH/NF, FeS LDH/NF, NiS 1506 
LDH/NF, and NF 209.  1507 

Two multicomponent systems further illustrate disorder-assisted kinetics. Researchers reported 1508 
amorphous NiFeCo oxyhydroxide from a room-temperature sol-gel 213, as shown in Figure 19a 1509 
and Figure 29b η10 is 234, larger Cdl, smaller Rct, and durable ~100 h operation; Co-induced high-1510 
valent centers stabilized by the amorphous matrix are implicated, and anion exchange membrane 1511 
water electrolyzer tests corroborate device-level relevance.  1512 

Han et al. 214 pushed to a high entropy limit: FeCoCrMnBS nanosheets on Ni foam (Figure 19b) 1513 
become explicitly amorphous after B/S co-doping, with enriched oxygen-vacancy signatures; 1514 
η50/η100 = 277/290 mV (Figure 19c), Cdl ≈ 6.25 mF cm-2, and 120 h stability (Figure 19d) underline 1515 
how heteroatom-driven disorder optimizes intermediate binding. This high-entropy example also 1516 
strengthens the, electrode-format comparison in OER, constructing an amorphous nanosheet array 1517 
directly on Ni foam improves electronic percolation and electrolyte/bubble transport relative to 1518 
powder films on planar substrates, which is especially relevant for the η100 and durability metrics 1519 
emphasized here. 1520 

Pooling multiple metals within an amorphous scaffold adds a second lever, site diversity, on top 1521 
of disorder. In one study, high entropy MOF electrodeposited on Ni foam and phosphidized it to 1522 
yield amorphous FeCoNiCuY-phosphide/C nanosheets (Figure 19e) 215. With the amorphous state 1523 
established by PXRD/HRTEM and local coordination tuned by XANES/EXAFS, the catalyst posts 1524 
η10/ η100 = 259/316 mV, Rct ~0.98 Ω, and >150 h durability (Figure 19f). This example also provides 1525 
an electrode-type comparison: electrodeposition/phosphorization directly on Ni foam minimizes 1526 
binder/contact penalties and improves current distribution, which is especially important when 1527 
interpreting long-duration durability in OER 215. More broadly, phosphide-derived OER catalysts 1528 
are often discussed as precatalysts that form (oxy)hydroxide-rich skins under bias, so part of the 1529 
durability advantage can reflect how well the amorphous multimetal backbone maintains adhesion 1530 
and electronic pathways during this surface evolution 216. 1531 

Pushing a trimetal P-O network, Chen et al. grew amorphous NiMoCu-PO directly on Ni foam 1532 
and achieved η10 = 218 mV (Figure 19g), Cdl ~16.1 mF cm-2, Rct ~1.58 Ω, and ~100 h stability 217. 1533 
This NiMoCu-PO case is a useful structure comparison against the FeCoNiCuY-phosphide/C 1534 

(c) 
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nanosheets above, both exploit amorphous multimetal environments, but the P-O framework 1535 
explicitly incorporates polyanion chemistry that can stabilize high-valent M-O motifs during OER 1536 
while retaining a disordered backbone 218. Post OER spectra show reinforced Ni(III)-O features 1537 
and fading phosphate/MoO4

-2 bands, consistent with a robust amorphous backbone that 1538 
reconstructs into the active skin without losing adhesion. This reconstructs without losing 1539 
adhesion, point is precisely where amorphous backbones can outperform more brittle crystalline 1540 
analogues, because disorder can accommodate local strain during repeated oxidation-state cycling 1541 
128. 1542 

Finally, a metal rich but ligand free example: researchers obtained an amorphous FeCoNi aerogel 1543 
by spontaneous NaBH4 gelation 219. Aerogels provide a distinct electrode-structure comparison 1544 
versus foam-supported coatings: the catalyst itself forms a self-supporting, reducing the reliance 1545 
on an external scaffold to maintain electronic connectivity. On carbon paper it delivers η10 = 235 1546 
mV as shown in Figure 19h, Rct ~6.1 Ω, very large Cdl ~131 mF cm-2, and 40 h (Figure 19i) / 5000-1547 
cycle stability, showing how 3D percolation plus disorder yield both high ECSA and intrinsic 1548 
activity. Heat-induced crystallization degrades performance at similar morphology, isolating 1549 
amorphization as the decisive factor. This crystallization degrades at similar morphology, control 1550 
is particularly valuable for the referee’s requested structure–performance comparison, because it 1551 
helps decouple amorphous-state effects from purely geometric surface-area effects. 1552 
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Figure 19. (a) LSV curves of NiFeCo, NiFeMo, and RuO2 in 1 M KOH 213. (b) SEM micrograph 1553 
of FeCoCrMnBS; (c) electrochemical LSV analyses of different structures in 1 M KOH; (d) 1554 
Chronopotentionetry test of FeCoCrMnBS/NF 214. (e) FeCoNiCuYP/C synthesis process; (f) 1555 
Chronopotentiometry test for FeCoNiCuYP/C, inset: local amplification of initial 3 h 215. (g) 1556 

LSV curves of NiMoCu-PO/NF, NiMo-PO/NF, and Ni-PO/NF 217. (h) XRD pattern of FeCoNi; 1557 
(i) Electrochemical  polarization of manufactured structures 219. 1558 

All in all, across very different chemistries and synthesis routes, the disordered electrodes reach 1559 
lower overpotentials at 10 mA cm-1, keep sensible Tafel slopes, and stay stable at high current for 1560 
long tests, often better than their crystalline counterparts made under similar conditions. The 1561 
common ingredients behind those gains are straightforward: a defect rich, adaptable lattice; 1562 
intimate, binder-free contact with the current collector; and, where used, mild composition tuning 1563 
to balance adsorption. With those elements in place, amorphous design is a reliable and broadly 1564 
applicable route to efficient, durable OER anodes. 1565 

The OER comparison table (Table 3) compiles, for each study, the catalyst (and support), 1566 
electrolyte, η at 10 mA cm-2, a representative high-current benchmark, and durability. Across 1567 
amorphous materials, ,η10 generally lies in the ~200-320 mV range with moderate Tafel slopes 1568 
(~50-95 mV dec-1) and stable operation at elevated current densities. Overall, the table underscores 1569 
the practical advantage of amorphous backbones: they accommodate in-situ reconstruction to 1570 
active oxy(hydroxide) layers while maintaining adhesion and charge transport, and mild 1571 
compositional/anion tuning further optimizes intermediate binding and long-term stability. 1572 

Table 3. Performance of different amorphous electrocatalysts in OER process in 1.0 M KOH. 1573 

Catalyst 

(Support) 

η at 10 mA cm-

2 (mV) 

High-j point 

(mV) 
Stability 

Referene

nce 

(e) (f) 

(i) (h) 
(g) 



Mo–NiFeP (Ni–

Fe foam) 
207 η1000 = 330  

21 h @10 mA cm-2; 20 h 

@500 mA cm-2 
198 

Co–FePO4 (GCE) 320 — 32 h @10 mA cm-2 200 

MnCoB-1 (GCE) 292 — 12 h @10 mA cm-2 201 

CoOₓ/CNₓ (GCE) 310 — 24 h + 100 h 202 

Ru–CoOx(Ni 

foam) 
220 η1000 = 370 100 h i–t + 10000 cycle 203 

(Co3Mn2)S 

(stainless steel) 
243  η50 = 290  100 h @10 mA cm-2 207 

FeNiS@FeS–

LDH (Ni foam) 
— 

η100 = 234 (η500 

= 322) 
50 h @50 mA cm-2 209 

Ce–CoS (Ni 

foam) 
— η100 = 291  10 h @100 mA cm-2 210 

NiFeCo 

oxyhydroxide (Ni 

felt) 

234 η100 = 356  100 h @ 20 mA cm-2 213 

FeCoCrMnBS 

HEH (Ni foam) 
— 

η100 = 290 (also 

η50 = 277) 
120 h @10 mA cm-2 214 

FeCoNiCuYP/C 

(Ni foam) 
259 η100 = 316 mV 

≥150 h @100–200 mA 

cm-2 
215 

NiMoCu-PO (Ni 

foam) 
218 — 100 h @ mA cm-2 217 

FeCoNi aerogel 

(carbon paper) 
235 — 5000 CV cycles 219 

 1574 

1.6.3 Overall water splitting 1575 

Overall water splitting provides the most stringent, device  level benchmark for electrocatalysts, 1576 
coupling HER and OER in a two electrode configuration where the practically relevant figures of 1577 
merit are the cell voltage at defined current densities (e.g., 10 and 100 mA cm-2), Tafel behavior, 1578 
Faradaic efficiency, and long-term stability. In this section, we synthesize recent advances showing 1579 
that amorphous architectures  deliver competitive overall water splitting by combining high 1580 
densities of unsaturated active sites with short charge/mass-transport pathways and an intrinsic 1581 
capacity for benign operando reconstruction into the true active phase. Emphasis is placed on 1582 
systems that achieve low cell voltages in alkaline media (often ≤1.6–1.7 V at 10 mA cm-2) with 1583 
multi-hour durability, including both symmetric and asymmetric pairings tailored for 1584 
bifunctionality. Together, these studies illustrate a clear design rule: leverage amorphicity to 1585 
decouple site density from transport limitations while permitting controlled surface evolution, 1586 
thereby converting molecular-scale disorder into device-level performance. 1587 

Within the phosphide family, amorphous Co-Ni-P and Ni-Cu-P exemplify how short-range 1588 
disorder and multimetal coupling can be leveraged to lower the cell voltage for overall water 1589 
splitting while preserving durability. In the work of Chai et al. 220, a one-step aqueous 1590 
electrodeposition on Ni foam yields porous, binder-free Co-Ni-P films whose amorphous nature is 1591 
evident from the absence of Bragg reflections beyond the substrate peaks. This porous morphology 1592 



is consistent with dynamic hydrogen-bubble templating during electrodeposition, where transient 1593 
H2 bubbles act as self-removing templates to generate high-surface-area, binder-free films that are 1594 
advantageous for two-electrode operation 221. The hydrogen-bubble templating produces a high-1595 
surface-area architecture, and surface XPS signatures consistent with air-exposed phosphides 1596 
foreshadow the partial in-situ reconstruction that occurs under operation. Such reconstruction is 1597 
also widely discussed for transition-metal phosphides in OER-containing cells, where the 1598 
phosphide acts as a conductive precatalyst and forms an (oxy)hydroxide-rich skin under anodic 1599 
polarization 222. When configured as a two-electrode alkaline cell (1.0 M KOH), pairing 1600 
composition-tuned films delivers 1.64 V at 10 mA cm-2 (Figure 20a) and retains performance over 1601 
10 h with only a modest voltage rise as shown in Figure 20b. This is a meaningful electrode-format 1602 
comparison, binder-free films on 3D Ni foam typically reduce contact resistance and improve 1603 
electrolyte/bubble transport relative to drop-cast powder electrodes, which becomes increasingly 1604 
important in two-electrode operation. The authors argue that the amorphous matrix provides 1605 
coordinatively unsaturated sites tolerant to reconstruction into (oxy)hydroxide/phosphate shells, 1606 
while Co↔Ni electronic interactions tune Ni(II/III) redox and depress the OER onset, collectively 1607 
enabling bifunctionality in a single materials platform. 1608 

Building on the same design logic but with a distinct chemistry, Hou et al. 223 prepare amorphous 1609 
Ni-Cu phosphide (A-NCP) directly on Ni foam using a mixed ethylene-glycol/water solvent to 1610 
suppress crystal nucleation (Figure 20c). Ni-Cu phosphide systems are a useful structure 1611 
comparison within P-family bifunctional catalysts because Cu incorporation and amorphization 1612 
can jointly reshape local bonding and electronic states while preserving conductive backbones for 1613 
overall water splitting 224. Here, the transition from crystalline to fully amorphous is captured by 1614 
the evolution of XRD into broad halos and by diffuse selected area electron diffraction rings; the 1615 
accompanying blue-shifted, broadened Ni-P/Cu-P Raman bands and core-level shifts in XPS 1616 
indicate local disorder and charge redistribution between metal and P states. Electrochemically, A-1617 
NCP used as both electrodes reaches 1.64 V at 10 mA cm-2 as it is obvious in Figure 20d, withstands 1618 
5000 CV cycles, and sustains ~50 h of operation with minimal degradation (Figure 20e). This 1619 
durability trend is consistent with the broader observation that self-supported, foam-integrated 1620 
phosphide electrodes often retain performance by maintaining adhesion and electronic percolation 1621 
even as surface chemistry evolves under OER/HER bias. Complementary DFT rationalizes the 1622 
macroscopic gains: amorphization broadens Ni/Cu 3d states near the Fermi level, shifts the d-band 1623 
center to optimize intermediate adsorption, equalizes OER barrier distributions, and lowers the 1624 
water-dissociation barrier governing alkaline HER. 1625 
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Figure 20. (a) LSV curves of materials before and after the 10 h galvanostatic test; (b) Long-term 1626 
10 mA cm-2 galvanostatic test of two-electrode system in 1 M KOH 220. (c) Catalysts synthesis 1627 

process; (d) Materials LSV curve of overall water splitting; (e) Stability tests of synthesized 1628 
material in two-electrode system 223. 1629 

Across boride families, short-range disorder consistently translates into low cell voltages and 1630 
durable operation in alkaline two-electrode configurations. This trend is repeatedly attributed to 1631 
boride behavior, where the conductive boride backbone maintains charge transport while the 1632 
surface evolves into catalytically competent (oxy)hydroxide layers under OER/HER bias 225. Two 1633 
representative studies, by Chen et al. 225 on amorphous CoB and Song et al. 226 on Ni3P/Ni3B 1634 
anchored in an amorphous B-doped carbon layer (B-C) matrix, illustrate how boron-enabled 1635 
amorphicity, interfacial reconstruction, and conductive backbones can be co-optimized to drive 1636 
overall water splitting. 1637 

As Chen et al. reported. An electrolessly plated, ~4 µm amorphous CoB film on 3D Ni foam 1638 
exhibits the canonical fingerprints of short-range order (featureless XRD, diffuse SAED, 1639 
nonstoichiometric Co/B surface states by XPS). Under operating bias, the surface evolves 1640 
selectively, toward CoOOH nanoplates during anodic polarization and Co(OH)2 in cathodic 1641 
conditions, while the CoB interior retains a metal-like conductivity. This is a particularly strong 1642 
structure-performance comparison because it separates roles within the same electrode, the skin 1643 
provides catalytic functionality, while the amorphous CoB interior preserves electronic percolation 1644 
during long-term two-electrode operation 225. This “amorphous shell → (oxy)hydroxide skin” 1645 
transformation reduces interfacial resistance and expands the electrochemically accessible area, 1646 
conferring genuine bifunctionality in a symmetric two-electrode cell. In 1 M KOH the device 1647 
reaches 10 mA cm-2 at 1.69 V as it is obvious in Figure 21a, and holds ~36 h at 20 mA cm-2 with 1648 

(c) 
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only a modest voltage rise (Figure 21b). Because this is a gas-evolving two-electrode 1649 
configuration, the 3D foam format is also an electrode-type advantage, porous current collectors 1650 
are well known to reduce bubble-induced blockage and ohmic/mass-transfer losses compared with 1651 
planar electrodes, improving apparent cell voltage at practical currents 227. The performance gain 1652 
is credibly tied to the defect-rich, coordinatively unsaturated environment specific to amorphous 1653 
CoB, which accommodates rapid formation of catalytically competent CoOOH/Co(OH)2 without 1654 
compromising charge transport. 1655 

Ni3P/Ni3B on amorphous B-C (Song et al.). A complementary strategy embeds nanocrystalline 1656 
Ni3P/Ni3B within a boron-doped amorphous carbon lamellae grown throughout Ni foam (Figure 1657 
21c). Here, crystallinity is confined to the active nanoparticles (indexed by XRD/HRTEM), while 1658 
the B-C host remains amorphous and conductive. XPS indicates B-doping and robust Ni-P/Ni-B 1659 
bonding; partial surface oxidation to (oxy)hydroxides under OER provides additional active 1660 
moieties. The hierarchical scaffold (macro-porous foam + lamellar B-C + nanoparticle dispersion) 1661 
minimizes bubble trapping and accelerates charge transfer (low Rct, enlarged Cdl). Bubble-1662 
management arguments are especially relevant here because hierarchical porous electrodes are 1663 
widely recognized to mitigate adhered-bubble inactivation during vigorous OER/HER, which 1664 
directly supports the minimizes bubble trapping, mechanism you describe 228. In 1 M KOH, a 1665 
symmetric Ni3P/Ni3B/B-C‖Ni3P/Ni3B/B-C cell requires 1.50 V for 20 mA cm-2 and 1.59 V for 50 1666 
mA cm-2 as shown in Figure 21d, sustaining ~89% of the initial current over 48 h at 1.59 V (Figure 1667 
21e), with Faradaic efficiencies near unity for both half-reactions. The central contribution of 1668 
amorphicity here is twofold: (i) a defect-rich, B-doped carbon network that maintains high 1669 
conductivity while maximizing interphase contact with the boride/phosphide domains, and (ii) 1670 
chemical tolerance to in-situ remodeling, enabling stable operation at low voltages. 1671 
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Figure 21. (a) LSV charts of the CoB-derived electrocatalysts in a two electrode configuration; 1672 
(b) Chronopotentiometric test of synthesized material in two-electrode system 225. (c) FESEM 1673 

image of Ni3P/Ni3B/B-C/NF; (d) Ni3P/Ni3B/B-C/NF|| Ni3P/Ni3B/B-C/NF and Pt/C||IrO2/C LSV 1674 
curves; (e) i-t chart at1.59V for Ni3P/Ni3B/B-C/NF|| Ni3P/Ni3B/B-C/NF 226. 1675 

Among amorphous chalcogenides, Co-Ni-S nanostructures stand out for delivering bifunctionality 1676 
without sacrificing transport. In Dong et al. 184, vertically aligned Co-Ni-S nanoflake arrays grown 1677 
on carbon cloth combine atomic-scale Co/Ni mixing with a defect rich, long range disordered 1678 
framework. Carbon cloth is also a meaningful electrode-type comparison point here, because its 1679 
woven filament network can support binder-free growth, high areal loading, and robust 1680 
mechanical/electrical percolation relative to planar drop-cast electrodes. The result is an 1681 
electrolyzer that reaches 10 mA cm-2 at 1.60 V in 1 M KOH as shown in Figure 22a, surpassing a 1682 
RuO2∥Pt/C benchmark. Such cell-voltage advantages in two-electrode tests are often amplified by 1683 
self-supported nanoflake arrays, because vertically aligned architectures and open porosity 1684 
improve electrolyte access and mitigate bubble-induced site blocking under vigorous gas evolution 1685 
96. 1686 

Beyond the headline voltage, the authors show ∼96% voltage retention over 35000 s (Figure 22b) 1687 
and near quantitative gas evolution (H2:O2 ≈ 2:1), indicating that the amorphous phase does not 1688 
trade activity for durability. Post operando surface analysis captures the characteristic evolution of 1689 
amorphous sulfides, partial formation of oxyhydroxide motifs, consistent with facile 1690 
rearrangement under bias. Operando-focused reviews on non-oxide OER catalysts further 1691 
emphasize that controlled surface reconstruction (rather than complete bulk oxidation) is often the 1692 
key to sustaining activity while avoiding loss of adhesion or conductivity. Here, amorphicity 1693 
manifests in three practical levers: (i) dense unsaturated Co/Ni sites, (ii) atomic-level alloying that 1694 
tunes H*/OH* adsorption, and (iii) mechanical/structural compliance that accommodates 1695 
reconstruction without passivating the surface. 1696 

A complementary strategy is to engineer asymmetric sulfide pairs while preserving disorder. He et 1697 
al. 229 construct N-doped (Co-Cu)Sx on Cu foam as the OER anode, paired with N-CoS/Cu2S as 1698 
the HER cathode. Cu-foam-based electrodes are frequently highlighted as advantageous current 1699 
collectors for water electrolysis because their three dimension network improves current 1700 
distribution and mass transport while providing abundant anchoring sites for catalyst growth 230. 1701 
Synthesis intentionally induces amorphicity and porosity (electro-oxidation → co-deposition of 1702 
Co(OH)2 → thiourea-assisted sulfidation and N-doping), yielding super-hydrophilic, 3D 1703 
nanoarchitectures with strong interfacial electronic coupling between Co and Cu. This 1704 
“asymmetric electrode pairing” also provides situation that each electrode is separately optimized 1705 
for its half-reaction while still leveraging disorder-enabled reconstruction. This cell operates at just 1706 
1.53 V (10 mA cm-2) (Figure 21c) and sustains ∼20 mA cm-2 for 24 h with negligible decay. 1707 
Mechanistic probes point to operando transformations, CoOOH like species on the anode and 1708 
Co(OH)2 like motifs on the cathode, supported by N induced electron withdrawal and oxygen 1709 
vacancy signatures that accelerate OER kinetics. Relative to crystalline controls, the amorphous, 1710 
defect rich framework provides a larger population of catalytically competent Co sites and lowers 1711 
charge transfer barriers, explaining the unusually low cell voltage. 1712 

Pursuing oxide platform, Li et al. 231 deposit an amorphous Co-Fe oxide conformally on 2D black 1713 
phosphorus (BP). This CoFeO@BP platform is a useful “electrode-structure” comparison to foam-1714 
supported coatings, because a 2D support can enforce ultrathin conformal growth and strong 1715 
interfacial contact, helping decouple intrinsic phase effects from macroporous current-collector 1716 



effects. The thin (~3.5 nm), vacancy-rich amorphous layer uniformly blankets BP and avoids 1717 
crystallization until forced by high-temperature annealing. In symmetric configuration, based on 1718 
Figure 22d the cell delivers 10 mA cm-2 at 1.58 V and retains ~93% of its initial current over 24 h. 1719 
This low-voltage symmetric-cell result aligns with the adaptive-mechanism interpretation reported 1720 
for amorphous CoFe oxide on BP, where the metastable amorphous oxide can access different 1721 
active states under reducing vs oxidizing bias. Importantly, the amorphous film is mechanistically 1722 
adaptive: under HER bias it partially phosphidizes to Co2P at the interface, whereas under OER it 1723 
engages a lattice oxygen pathway, both enabled by the disorder and oxygen vacancy landscape. 1724 
Bias-contingent evolution (phosphidation under HER vs oxygen-lattice involvement under OER) 1725 
is increasingly emphasized as a hallmark of metastable/disordered catalysts, which can reconcile 1726 
apparently “contradictory” requirements of bifunctionality within a single material. In particular, 1727 
recent mechanistic discussions distinguish lattice-oxygen participation from purely adsorbate-1728 
mediated OER pathways and highlight how oxygen-vacancy chemistry can influence these routes, 1729 
consistent with your oxygen-vacancy/LOM framing here 232. This bias contingent evolution, a 1730 
hallmark of metastable amorphous oxides, helps explain the unusual coupling of low voltage and 1731 
robustness. 1732 

Moreover, Samanta et al. 202 demonstrate that coupling disorder with conductive carbon can 1733 
substitute for precious-metal cathodes in a two-electrode cell. This CoOx/CNx case provides a clear 1734 
electrode-type comparison because the conductive carbon host supplies continuous electronic 1735 
percolation for a largely amorphous oxide phase, reducing the need for precious-metal cathodes in 1736 
alkaline pairings. Their 2D amorphous CoOx/N-doped carbon sheets, obtained by chemical 1737 
reduction and mild calcination, show strong CoOx, carbon interaction and enlarged 1738 
electrochemically accessible area. In 1 M KOH, the device spans a spectrum of pairings: 1739 
CoOx/CNx∥Pt/C requires 1.65 V (10 mA cm-2) (Figure 22e); pairing the anode with a cycled 1740 
CoOx/CNx cathode (post HER activation) rises to 1.81 V; a fully symmetric CoOx/CNx∥CoOx/CNx 1741 
cell operates at 1.93 V. Presenting these three pairings is especially helpful for structure-1742 
performance comparison, because it isolates how much of the cell voltage penalty arises from 1743 
replacing Pt/C with an activated amorphous-carbon-coupled cathode while keeping the anode 1744 
constant. Chronopotentiometry to ∼100 h underscores durability as shown in Figure 22f; notably, 1745 
the carbon coupled amorphous sheets improve with conditioning, again consistent with controlled 1746 
reconstruction of non-crystalline oxides into more active surface states. Such conditioning-induced 1747 
performance gains are consistent with the broader reconstruction literature on amorphous oxides, 1748 
where the steady-state active surface can differ from the as-synthesized state even when bulk 1749 
amorphicity is retained 20. 1750 
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Figure 22. (a) LSV curve of synthesized structures in 1 M KOH; (b) Co4Ni1S/CC and 1751 
Pt/C//RuO2-based chronopotentiometry curves electrolyzer 184. (c) Polarization charts of  N-(Co 1752 
Cu)Sx||N-CoS/Cu2S and noble metal IrO2||Pt/C electrodes in 1 M KOH and (inset) photo of N-1753 
(Co–Cu)Sx||N-CoS/Cu2S in water splitting process 229. (d) Polarization curves of CoFeO@BP 1754 
and Pt/C-RuO2 

231. (e) Overall water splitting polarization curves of synthesized materials; (f) 1755 
chronopotentiometric stability plots of materials 202.  1756 

Multi-component intermetallic networks that incorporate controlled disorder can deliver 1757 
bifunctional activity and durability beyond conventional binary alloys. A representative example 1758 
is the defect-engineered CoCuMoNi system reported by Wu and co-workers233 , obtained by arc-1759 
melting Co-Cu-Mo-Ni-Al followed by chemical de-alloying to remove Al and unlock a 3D 1760 
nanoporous, multi-intermetallic heterostructure. This “alloying-dealloying” route to highly porous 1761 
CoCuMoNi intermetallic alloys with abundant defect sites has been explicitly highlighted as an 1762 
effective strategy for overall water splitting in the corresponding Advanced Science report. The 1763 
de-alloyed scaffold exposes a high density of heterojunctions and short-range disordered regions 1764 
along polycrystalline boundaries, creating internal electric fields and facilitating interfacial charge 1765 
redistribution. Heterojunction-driven built-in electric fields are widely recognized to promote 1766 
interfacial electron transfer and improve intrinsic catalytic activity in dual-functional water 1767 
electrolysis, supporting the internal-field argument made here 234. These electronic perturbations 1768 
rationalize the catalyst’s multisite behavior under two-electrode operation, in which adsorption 1769 
energetics at metal-metal interfaces are tuned without sacrificing transport through the open, 1770 
percolating framework. In alkaline overall electrolysis (1.0 M KOH), symmetric cells employing 1771 
this single material at both electrodes achieve a cell voltage of ~1.56 V at 10 mA cm-2 (Figure 23a). 1772 
This cell-voltage level is consistent with the reported performance of defect-engineered 1773 
nanoporous CoCuMoNi multi-intermetallic heterostructures in symmetric overall water splitting 1774 
tests. Faradaic efficiencies approach the theoretical values and multistep chronopotentiometry 1775 
shows rapid stabilization with minimal drift over day-scale operation. The key message is that 1776 
interfacial engineering in multi-intermetallic matrices, together with defect-assisted short-range 1777 
disorder, delivers intrinsically bifunctional sites and robust charge transfer, enabling low 1778 
overpotentials at practical current densities in full-cell mode. 1779 

A complementary strategy is to leverage fully amorphous matrices that stabilize active sites and 1780 
buffer structural reorganization under bias. Vijayarangan and colleagues157 convert a crystalline 1781 
Co-pyridine precursor into amorphous cobalt-impregnated, nitrogen-doped carbon nanochains 1782 
(Co@NC) by thermal treatment at 500 °C. This Co@NC nanochain platform is also a clear 1783 
electrode-structure comparison to powder catalysts, the percolating carbon nanochain network 1784 
provides continuous electronic pathways and mechanically anchors Co sites, which helps preserve 1785 

(d) (e) (f) 



conductivity and suppress catalyst detachment during vigorous gas evolution in two-electrode 1786 
operation. The resulting percolating nanochain network encapsulates Co domains within an N-1787 
doped carbon matrix, increasing the density of defect sites while maintaining electronic 1788 
connectivity. Only a subset of characterization is essential to make the point: loss of long-range 1789 
order (XRD/SAED) confirms amorphization; XPS evidences mixed Co²+/Co3+⁺ states and multiple 1790 
N configurations that support strong Co-N-C coordination. In a symmetric alkaline cell (1.0 M 1791 
KOH), Co@NC reaches 1.60 V at 10 mA cm-2 as it is obvious in Figure 23b, surpassing Pt/C||IrO2 1792 
and the crystalline precursor couple; stability is sustained for ≥120 h with only minor potential 1793 
growth (Figure 23c), and gas evolution remains near-stoichiometric. Here, amorphization is not a 1794 
passive by-product: short-range disorder and Co-N-C coordination jointly modulate adsorption at 1795 
H2/O2 evolution sites while the carbon sheath mitigates corrosion, yielding durable, bifunctional 1796 
performance in overall electrolysis. 1797 

In an earlier but instructive study, Yang et al.235 embed ultrasmall Ru/Cu-doped RuO2 nanodomains 1798 
in an amorphous carbon skeleton derived from a Ru-modified Cu-BTC MOF. This MOF-derived 1799 
“Ru/Cu-RuO2 nanodomain + amorphous carbon skeleton” architecture is a useful structure-format 1800 
comparison to conventional RuO2 particles, because nanoscale confinement in an amorphous 1801 
carbon host increases dispersion and shortens transport lengths while preserving robust conductive 1802 
pathways at the device. A brief oxidative step followed by selective etching establishes Ru/RuO2 1803 
interfaces while retaining a disordered carbon framework with open mesoporosity. Rather than 1804 
detailing every measurement, it suffices to note two pillars: (i) the amorphous scaffold ensures 1805 
high dispersion and mass-transport channels, and (ii) Cu incorporation downshifts the Ru d-band 1806 
center on RuO2(110), reducing the theoretical OER overpotential. This “Cu-tuned RuO2 electronic 1807 
structure” rationale is consistent with broader RuO2-doping analyses, where Cu dopants shift Ru 1808 
electronic states and can weaken overly strong Ru-O interactions while introducing oxygen 1809 
vacancies/unsaturated Ru sites that improve OER kinetics 236. In two-electrode alkaline tests (1.0 1810 
M KOH), the optimized sample delivers ~1.47 V at 10 mA cm-2 and ~1.67 V at 100 mA cm-2 as it 1811 
is obvious in Figure 23d, with long-term current retention under constant cell bias (Figure 23e). 1812 
For context, recent Ru-based bifunctional systems that combine RuO2-derived domains with 1813 
oxide/carbon coupling also report ~1.49 V at 10 mA cm-2 and high-current durability, reinforcing 1814 
that “RuO2 + engineered amorphous/heterointerfaces” is an effective pathway to device-level 1815 
performance at reduced noble loading. This work shows that: short-range disorder, when coupled 1816 
to judicious electronic tuning (here via Cu on RuO2) and nanoscale confinement in amorphous 1817 
carbon, yields a coherent pathway to bifunctional improvement that is visible at the device level. 1818 
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Figure 23. (a) Polarization curves of CoCuMoNi || CoCuMoNi and other electrodes 233. (b) 1819 
Polarization curves of synthesized materials; (c) Stability analysis of Co@NC-NPs(+,-)157. (d) 1820 
Overall water splitting polarization curves of synthesized materials; (e) chronoamperometric 1821 

stability plots of materials 235.  1822 

All told, spanning different amorphous structures, the overall water-splitting cells converge on the 1823 
same practical outcome: lower cell voltages at the 10 mA cm-2 benchmark, and hour-to-day-scale 1824 
durability even as current is stepped to higher loads, often matching or surpassing crystalline 1825 
analogues prepared under comparable conditions. The recurring enablers are clear: a defect-rich, 1826 
short-range-ordered backbone that tolerates electrochemical reconstruction; intimate, binder-free 1827 
electrical contact and open porosity for mass transport; and purposeful interfacial/electronic tuning 1828 
(via multi-metal junctions, mild doping, or encapsulation in N-doped carbon) to balance adsorption 1829 
energetics on both electrodes. Taken together, amorphous structure is a strong device-level design 1830 
lever for overall water splitting across many chemistries, while acknowledging regimes where 1831 
crystalline benchmarks remain preferred. 1832 

In Table 4  results for the two-electrode systems described for overall water splitting are presented 1833 
to facilitate comparison. 1834 

Table 4. Performance of different amorphous electrocatalysts in overall water splitting process. 1835 

Catalyst 

(Support) 

Performance at 

10 mA cm-2 (V) 

Performance high-j 

point (V) 
Stability Referenence 

Co-Ni-P (Ni 

foam) 
1.64 —  10 h @10 mA cm-2 220 

Ni-Cu-P (Ni 

foam) 
1.64 — 

50 h @10 mA cm-2 + 

5000 cycle 
223 

CoB (Ni foam) 1.69 — 36 h @20 mA cm-2 225 

Ni3P/Ni3B/B-C 

(Ni foam) 

1.50 @20 mA 

cm-2 
1.59 @50 mA cm-2 50 h @50 mA cm-2 226 

Co-Ni-S (Carbon 

cloth) 
1.60 — 35000 s @10 mA cm-2 184 

N-CoS/Cu2S (Cu 

foam) 
1.53  — 24 h @20 mA cm-2 229 

CoFeO@BP 

(Glassy carbon) 
1.58 — 24 h @10 mA cm-2 231 

(d) (e) 



CoOx/CNx 

(Carbon sheet) 
1.93 — 12 h @10 mA cm-2 202 

CoCuMoNi 1.56 — 

24 h @ 20 mA cm-2 

24 h @ 200 mA cm-2 

24 h @ 400 mA cm-2 

233 

Co@NC-NPs (Ni 

foam) 
1.60 — 120 h @10 mA cm-2 157 

Ru/Cu-doped 

RuO2 
1.47 1.67 @100 mA cm-2 40000 s @10 mA cm-2 235 

 1836 

1.7 Summary and outlook 1837 

Across the literature surveyed in this review, amorphous structures often emerge as a practical 1838 
lever for improving electrochemical water splitting. Across many composition families, the 1839 
absence of long-range order correlates with features that matter at the electrode: dense populations 1840 
of under-coordinated sites, flexible local bonding that moderates adsorption energetics, and short 1841 
transport length scales, when implemented as thin layers or hybrids on conductive backbone. When 1842 
these disordered phases are implemented as thin films, nanosheets, or nanoparticle carpets directly 1843 
on conductive scaffolds, they also minimize interfacial resistance and, when paired with favorable 1844 
surface chemistry and multiscale rough/porous architectures, can improve electrolyte wetting and 1845 
gas-bubble removal at practically relevant current densities, and maintain performance at 1846 
practically relevant current densities. Taken together, these attributes translate, on average, into 1847 
lower overpotentials, more favorable Tafel behavior, and durable operation for both HER and OER 1848 
relative to crystalline counterparts prepared from similar chemistries. 1849 

Moreover, durability should not be conflated with structural invariance.  OER/HER catalysts, 1850 
amorphous included, operate through dynamic reconstruction and/or dissolution-redeposition 1851 
processes, meaning that performance retention can reflect establishment of a steady‑state active 1852 
surface rather than persistence of the as‑prepared phase. Future studies and fair comparisons will 1853 
therefore benefit from explicitly reporting both electrochemical durability metrics and evidence 1854 
for (or against) structural/compositional evolution (post‑mortem and operando), particularly when 1855 
amorphous materials are used as precatalysts that readily evolve under bias. 1856 

At the same time, amorphization is not a single design trick but a platform that couples naturally 1857 
with other levers. Compositional freedom (multi-metal and multi-anion chemistries) allows tuning 1858 
of the local electronic structure beyond the constraints of a rigid lattice; texturing and porosity 1859 
provide additional mass-transport advantages; and binder free integration with foams, meshes, or 1860 
carbon textiles reduces ohmic and contact losses. A recurring theme is that improvements persist 1861 
after intrinsic normalization, indicating that the gains are not merely geometric but are rooted in 1862 
the short-range order and defect chemistry of the amorphous state. These trends appear robust 1863 
across alkaline, neutral, and acidic environments and extend to more challenging media such as 1864 
alkaline seawater. 1865 

Looking forward, several priorities can accelerate the maturation of amorphous electrocatalysts 1866 
from promising materials to deployable technologies. First, structure property mapping needs to 1867 
move beyond “amorphous vs crystalline” labels toward quantitative descriptors of disorder and 1868 
local coordination, ideally supported by operando spectroscopy to connect changing coordination 1869 



environments with kinetic signatures. Second, synthetic control over thickness, defect density, and 1870 
heteroatom content will be crucial: scalable routes (electrodeposition, chemical bath/sol–gel, low-1871 
temperature phosphidation/sulfidation, sputtering) already exist, but tighter control of film 1872 
continuity, adhesion, and porosity will improve reproducibility and device integration. Third, 1873 
compositionally complex designs remain underexplored; high-entropy amorphous networks and 1874 
multi-anion frameworks offer vast, still sparsely sampled spaces for optimizing binding energies 1875 
and conductivity while maintaining corrosion tolerance. Finally, device-level validation, 1876 
integration into membrane-electrode assemblies, assessment under differential pressure, and 1877 
impurity tolerance will provide the most meaningful proof of value. 1878 

In summary, amorphous structural design offers a coherent, generalizable strategy to unlock high 1879 
activity and stability in water splitting by uniting abundant accessible sites, tunable local chemistry, 1880 
favorable interfacial physics, and scalable electrode architectures. With rigorous benchmarking, 1881 
deeper structural quantification, and continued advances in synthesis and device integration, 1882 
disordered catalysts are well positioned to move from compelling laboratory demonstrations 1883 
toward the performance, durability, and manufacturability required for practical hydrogen 1884 
technologies. 1885 
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