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Investigation of the influence of electrolytes and the role of reduced graphene oxide as a support 

for metal catalysts on the catalytic activity toward the hydrogen evolution reaction 

Abstract 

Efficient hydrogen production is crucial due to the global energy crisis and environmental concerns, 

which necessitates identifying catalytic trends for informed choices in hydrogen generation technologies 

and materials. Hydrogen evolution reaction (HER) volcano plots, initially established for acidic solutions 

and later adapted for alkaline media, play a crucial role in identifying catalytic trends related to HER. 

The first part of the thesis focuses on conducting a comprehensive analysis of the HER catalytic trends 

on nine polycrystalline monometallic surfaces in seven solutions, encompassing a wide pH range from 

highly acidic to highly alkaline.  

Using theoretically calculated hydrogen binding energies (HBEs) on clean metallic surfaces and 

experimentally measured HER overpotentials it is shown, for the first time, that the volcano-like 

relationships are predominantly preserved across a broad spectrum of pH values, spanning from acidic 

to neutral and alkaline solutions. This signifies that HBE can be used as a descriptor for the identification 

of active electrocatalysts in a wide pH range, including pH neutral solutions. Accordingly, Cr was found 

to have high HER activity in pH-neutral solutions surpassing that of W, Fe, and Co. Furthermore, 

exposing metallic surfaces to high anodic potentials can lead to either enhanced or suppressed HER, 

depending on the metal and the electrolyte used. In view of the nontrivial impacts of surface oxidation, 

its effects might be seen either as a promotion in HER activity or as HER blocking (as in the case of Cr 

and W). The former case is specifically applicable to Ni and Co in alkaline and pH-neutral solutions, 

which can be attributed to the enhanced dissociation of water at the metal-oxide interface. This effect is 

more significant for Ni in NaCl solutions to the extent that, after undergoing oxidation, it becomes more 

active than Pt. Therefore, this section of  the research work reveals that the shape of the volcano curve is 

largely preserved in the entire pH range, indicating that HBE can be employed to identify powerful 

catalysts for the HER regardless of pH. 

Supporting metal catalysts on various supports is another possible design strategy to boost the catalytic 

activity and stability and improve their utilization. Kinetic Monte Carlo (KMC) simulations were 

employed in the second part of the thesis work to illustrate that the HER can be enhanced through 

hydrogen spillover to the support material. This effect happens when the catalysts have a high surface 

coverage of adsorbed hydrogen atoms under the reaction conditions. Drawing from the insights obtained 

through KMC, a range of catalysts supported on reduced graphene oxide were synthesized, and their 

performance in promoting the HER was then compared to their respective pure metal counterparts in 

alkaline environments. While the support effect is negative for Ag, Au, and Zn, it boosts the HER activity 

for Pt, Pd, Fe, Co, and Ni. The HER volcano plot, a plot of calculated HBEs vs measured HER activities, 

is preserved and demonstrates a positive shift in the strong binding region. Thus, this part of the thesis 

work highlights the potential of metal-support interface engineering in making effective catalysts for 

HER and provides general guidelines for selecting suitable combinations of catalysts and supports for 

enhanced electrocatalytic hydrogen production.  

 

Key words: Hydrogen evolution reaction, electrocatalysis, volcano plots, reduced graphene oxide, 

catalyst support 

Scientific field: Physical chemistry 

Scientific subfield: Electrochemistry 

UDK number: 541.138 



 

 

Istraživanje uticaja elektrolita i uloge redukovanog grafen-oksida kao nosača metalnih 

katalizatora na katalitičku aktivnost za reakciju izdvajanja vodonika 

Izvod 

Efikasna proizvodnja vodonika je ključna zbog globalne energetske krize i zabrinutosti za životnu 

sredinu, što zahteva identifikaciju katalitičkih trendova za informisane izbore u tehnologijama i 

materijalima za proizvodnju vodonika. Vulkanske krive reakcije izdvajanja vodonika (HER), prvobitno 

uspostavljene za kisele rastvore, a kasnije prilagođene za alkalne medije, igraju ključnu ulogu u 

identifikaciji katalitičkih trendova povezanih sa HER. Prvi deo ove doktorske disertacije fokusira se na 

sprovođenje sveobuhvatne analize HER katalitičkih trendova na devet polikristalnih monometalnih 

površina u sedam rastvora, obuhvatajući širok pH opseg od visoko kiselih do visoko alkalnih. 

Koristeći teorijskiizračunate energije vezivanja vodonika (HBE) na čistim metalnim površinama i 

eksperimentalno izmerene HER nadnapone, po prvi put je pokazanoda su relacije vulkanskog tipa 

pretežno očuvane u širokom spektru pH vrednosti, od kiselih do neutralnih i alkalnih rastvora. Ovo znači 

da se HBE može koristiti kao deskriptor za identifikaciju aktivnih elektrokatalizatora u širokom pH 

opsegu, uključujući pH neutralne rastvore. Shodno tome, otkriveno je da Cr ima visoku HER aktivnost 

u pH-neutralnim rastvorima, koja nadmašuje aktivnostV, Fe i Co. Štaviše, izlaganje metalnih površina 

visokim anodnim potencijalima može dovesti do pojačane ili potisnute HER, u zavisnosti od metala i 

korišćenog elektrolita. S obzirom na netrivijalne uticaje oksidacije površine, njeni efekti se mogu 

posmatrati ili kao promocija HER aktivnosti ili kao HER blokiranje (kao u slučaju Cr i V). Prvi slučaj je 

posebno primenljiv na Ni i Co u alkalnim i pH-neutralnim rastvorima, što se može pripisati pojačanoj 

disocijaciji vode na granici fazametal-oksid. Ovaj efekat je značajniji za Ni u rastvorima NaCl, do te 

mere da posle oksidacije postaje aktivniji od Pt. Stoga, ovaj deo istraživačkog rada otkriva da je oblik 

vulkanske krive u velikoj meri očuvan u čitavom pH opsegu, što ukazuje da se HBE može koristiti za 

identifikaciju pogodnih katalizatora za HER bez obzira na pH.  

Postavljanje metalnih katalizatora na različite nosače je još jedna moguća strategija dizajna za povećanje 

katalitičke aktivnosti i stabilnosti i poboljšanje njihovog korišćenja. Kinetičke Monte Karlo (KMC) 

simulacije su korišćene u drugom delu teze da bi se ilustrovalo da se HER može pospešitiprelivanjem 

vodonika na potporni materijal. Ovaj efekat se dešava kada katalizatori imaju visoku površinsku 

pokrivenost adsorbovanih atoma vodonika u uslovima reakcije. Na osnovu uvida dobijenih putem KMC-

a, sintetisanje niz katalizatora podržanih na redukovanom grafen–oksidu, a njihov učinak u promovisanju 

HER je zatim upoređen sa odgovarajućim čistim metalima u alkalnim sredinama. Dok je efekat 

nosačanegativan za Ag, Au i Zn, on povećava HER aktivnost za Pt, Pd, Fe, Co i Ni. HER vulkanska 

kriva, dijagram izračunatih HBE u odnosu na izmerene HER aktivnosti, je očuvana i pokazuje pozitivan 

pomak u regionu jakog vezivanja. Stoga, ovaj deo teze naglašava potencijal inženjeringa granica 

fazametal-podloga u pripremiefikasnih katalizatora za HER i pruža opšte smernice za odabir 

odgovarajućih kombinacija katalizatora i nosača za poboljšanu elektrokatalitičku proizvodnju vodonika. 

 

Ključne reči: Reakcija izdvajanjavodonika, elektrokataliza, vulkanske krive, redukovani grafen-oksid, 

nosačkatalizatora  

Oblast nauke: Fizička hemija 

Naučna podoblast: Elektrohemija 

UDK broj: 541.138   
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m  Mass g  
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α  Charge transfer coefficient  
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j Current density normalized to the surface of the electrode mA cm−2 

jgeo Current density normalized to the geometrical surface area mA cm−2 

jreal Current density normalized to the electrochemically active surface 

area 

mA cm−2 

j0  Exchange current density   

T  Temperature  К, oC 

F  

 

Faraday constant 96485 

kJ mol−1 

R  

 

Gas constant 8.314 

J mol-1 К-1 

Ki  Reaction rate constant  
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Chapter one - Introduction   

Subjects and research objectives  

The most pressing challenges confronting this century are the depletion of non-renewable energy sources, 

the negative environmental impacts resulting from utilizing these resources, and increasing energy 

demand. The world relies heavily on fossil fuels to meet its energy demands; in 2019, fossil fuels supplied 

84% of global energy consumption, and this pattern is projected to persist in the future. Besides their 

quick depletion and desiccation, fossil fuel resources also contribute to significant environmental 

contamination, leading to various outcomes such as the greenhouse effect causing climate change, acid 

rain, the degradation of sources of potable water, soil pollution, and other undesirable occurrences. Thus, 

there is a global push to limit the use of fossil fuels and reduce CO2 emissions, with renewable energy 

sources being explored as a solution. One important example of a renewable energy source is nuclear 

energy. Despite its low emission of harmful gases, it has various disadvantages, such as managing nuclear 

waste, costly maintenance, and safety concerns. As a result, many people are reluctant to adopt it as a 

renewable energy source. Therefore, it is crucial to find sustainable, clean, and eco-friendly methods for 

producing energy [1], [2]. 

To tackle the environmental problem and fulfill the growing energy requirements, numerous renewable 

energy sources such as solar, wind, thermal, biomass, and wave power are being extensively explored as 

viable alternatives. Nevertheless, because of their seasonal and regional fluctuations, these renewable 

energy sources are intermittent, making it essential to develop efficient energy transformation and storage 

technologies, and a method of temporarily storing energy is required to meet demand [1], [3]–[5]. 

Developing both primary and secondary renewable energy sources is crucial for successfully 

transitioning to sustainable energy. While primary sources such as solar, wind, hydropower, and 

hydrothermal energy are important, secondary sources such as batteries and fuel cells are likewise 

necessary for energy storage and powering mobile gadgets such as cars. Using batteries for extensive 

energy storage and transportation is impractical due to the expensive metals and the relatively low energy 

density per unit weight [2]. 

In fuel cells, chemical energy created by the reaction of fuel and oxygen from the air is transformed into 

electrical energy. Although fuel cells utilize various fuels, hydrogen is the most extensively researched 

and utilized because of its high energy density and ability to generate only pure water as a byproduct of 

combustion. Despite its abundance, hydrogen is mostly found with other elements in nature. It is 

necessary to separate hydrogen from its components to use it as fuel. Currently, common hydrogen 

separation techniques rely on fossil fuels, which are not environmentally sustainable. The alternative is 

to use an environmentally benign, non-polluting method of extracting hydrogen. 

Numerous ecological approaches for acquiring hydrogen rely on electrochemical reactions on hydrogen 

and oxygen electrodes. The reactions on these electrodes have been under scrutiny for many years since 

they are critical for several fields of science and industry, ranging from industrial electrocatalytic 

processes and biological processes to issues regarding corrosion and sustainable energy sources such as 

fuel cells. Electrocatalysis plays a significant role in improving efficiency, cost-effectiveness and 

mitigating harmful environmental impacts in all these areas. A viable method for producing hydrogen 

from water splitting powered by electricity has emerged to transform the significant excess electrical 

energy from renewable energy sources into clean fuel, i.e., hydrogen (H2) [3]. Water splitting is thus one 

of the most straightforward and environmentally friendly solutions to store significantly intermittent 



5 

 

renewable energies on a large scale [4]. By temporarily storing this energy as hydrogen, fuel cells or 

direct combustion might be used to generate electricity as needed, or the stored hydrogen can be used as 

a fuel gas [5]–[7]. 

There are numerous ways to produce H2, but almost all of them leave behind carbon footprints and are 

not long-term sustainable. A promising method for producing H2 that is sustainable and pollution-free is 

electrochemical water splitting. Electrolysis of water can be carried out with little to no external power 

by harvesting, storing, and converting renewable energy from the environment [8]. Hydrogen, produced 

through renewable-powered water electrolysis, is hailed as the ideal fuel for the future. It boasts 

exceptional energy conversion efficiency, emits zero carbon, yields only water as a byproduct, and 

possesses high purity. Its gravimetric energy density surpasses gasoline, making it a promising energy 

source [8]–[10]. To decarbonize our energy systems, hydrogen is once again in vogue, and the hydrogen 

market is anticipated to increase globally by 47%, from 142 billion USD in 2019 to 209 billion USD in 

2027 [10]. It is essential to switch to hydrogen-based fuels instead of conventional ones since hydrogen-

fueled vehicles can deliver performance comparable to gasoline-fueled vehicles without releasing CO2 

or other pollutants [11]. 

During water electrolysis or the water splitting reaction, the cathodic and anodic electrochemical 

reactions known as the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) take 

place concurrently at two distinct electrodes [9], [12]. The theoretical minimum energy needed to split 

water is described by OER and HER, each of which has its theoretical reduction voltages. This voltage 

is 1.23 V at ambient temperature compared to the reversible hydrogen electrode [12]. The amount of 

energy needed for water splitting is substantially larger than the theoretical amount of 1.23 V due to 

various cell resistances and inefficiencies. This additional energy intake is named the cell overpotential 

[1]. An appropriate electrocatalyst must be identified to make hydrogen production through the HER 

reaction economically feasible and competitive with non-renewable methods. Incorporating an 

electrocatalyst enhances the kinetics of the electrochemical reaction, reduces energy usage, and improves 

efficiency, leading to more economical and efficient hydrogen production. Therefore, it is crucial to use 

a catalyst to lower the overpotential required to drive the HER and achieve high energy efficiency for 

water splitting. 

To be viable for practical applications, electrocatalysts employed in water splitting must exhibit 

improved activity, stability, and cost-effectiveness [3]. Up until now, the most successful electrocatalysts 

for water electrolysis have been those made from precious metals, for example, Pt for HER and RuO2 

and IrO2 oxides for OER. However, their scarcity and high cost make it challenging to scale up their use 

in industrial applications. Due to the current worldwide energy crisis, the cathodic half-reaction, HER, 

has drawn greater interest in electrochemistry. Researchers are looking for cost-effective methods to 

produce high-purity hydrogen, specifically through water electrolysis, to create "green" hydrogen using 

renewable energy sources. Finding new, effective catalysts is required as green hydrogen production is 

still rather expensive. The HER volcano curves serve as a prime example of how comprehending the 

trends in HER activity can assist us in this undertaking. The volcano curve is a graphical representation 

that plots the reaction rate against the free energy of adsorption for an intermediate. It is designed based 

on Sabatier's principle, which states that an ideal electrocatalyst should have adsorption energy that is 

balanced, neither too high nor too low compared to the intermediate involved in an electrocatalytic 

reaction [9].  

Trasatti's original work demonstrated a volcano-type relationship between the HER exchange current 

densities (j0) of various metals and their respective energies associated with the formation of metal 
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hydrides [13]. Nørskov et al. [15] proposed another form of the HER volcano curve, in which they 

correlated literature data of the j0 for the HER in acidic environments with the theoretically calculated 

hydrogen binding energy (HBE). Nevertheless, this methodology has faced criticism [14], which 

contends that it is overly simplistic. However, the HER volcano plot continues to be a captivating 

showcase of HER activity patterns and is extensively utilized by researchers to identify materials with 

optimal binding energies for the advancement of new HER catalysts. Following a span of around ten 

years, Sheng et al. [15] have constructed HER volcano plots specifically tailored for alkaline 

environments, employing computed HBE. This volcano plot has generated significant interest among 

scientists. Nevertheless, it is crucial to consider whether the volcano curve remains consistent across 

various electrolytes, particularly in pH-neutral solutions, as the investigation of pH-neutral solutions in 

this context has been lacking in a comprehensive manner. The issue is particularly notable when it comes 

to seawater electrolysis techniques, which encounter several problems [16]. Additionally, while the 

impact of surface oxidation on acidic solutions has been taken into account and studied [17], an in-depth 

examination of the situation of alkaline solutions is missing. In contrast, it is widely known that in an 

alkaline solution, surface oxidation boosts the dissociation of H2O at the metal|oxide phase boundary, 

hence promoting the HER [18], [19]. Hence, the inquiry is whether phase boundary engineering can offer 

a way to avoid the HER volcano or move its apex from platinum to more readily available and less 

expensive catalysts.  

In the first segment of this thesis work, the trends of the HER activity of nine metals (Au, Ag, Cr, Co, 

Fe, Pt, Ni, W, and Zn) across seven different electrolytes (0.1 mol dm−3 HCl, 0.1 mol dm−3 HClO4, 1 mol 

dm−3 KH2PO4, 0.5 mol dm−3 NaCl, 0.1 mol dm−3 LiOH, 0.1 mol dm−3 KOH solution, and 1 mol dm−3 

KOH) will be analyzed. This section of the thesis aims to examine whether volcano plots are preserved 

across various electrolytes and over a broad pH range. In addition, the influence of metal oxidation on 

their electrocatalytic HER activity will be investigated. Moreover, an investigation will be conducted to 

determine whether HBE can serve as a descriptor for identifying electrocatalysts in solutions with a 

neutral pH. More importantly, the study will help us identify better HER electrocatalyst/s for neutral 

solutions.  

Enhancing the efficiency of metal surface electrocatalytic activity, which is influenced by interactions 

with various species and intermediates, can also be achieved by combining metal catalysts with carefully 

chosen supporting materials. Researchers are focused on developing carbonaceous and carbon-free 

support materials to enhance metal catalyst performance, aiming to improve catalytic activity, stability, 

and utilization. These materials should exhibit high electrical conductivity, corrosion resistance, 

favorable interaction with nanocatalysts, stability in electrochemical conditions, and cost-effectiveness. 

Moreover, they should possess a large surface area to promote effective nanoparticle dispersion while 

also ensuring secure anchoring to prevent detachment in the course of the electrochemical reaction [20]. 

It is widely acknowledged that HER activity can be influenced by interfacial processes, such as interfacial 

water dissociation on metal surfaces decorated with transition metal oxy-hydroxides [18]. While carbon-

based materials with high surface area and good electrical conductivity are widely utilized as catalyst 

support materials, recent advancements have led to the development of various complex carbonaceous 

materials. Among all carbon-based support materials and carbonic morphologies, graphene stands out as 

the most promising owing to its exceptional properties, such as exceptionally high surface area, 

remarkable stability, and outstanding electrical conductivity [20], [21]. Additionally, several 

investigations show that graphene actively participates in the electrocatalytic reaction while promoting 

the proper dispersion of catalytic particles. This was notably examined in relation to electrochemical 
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HER, where increased catalytic activity was achieved by using graphene-based materials as catalyst 

supports [21]–[23].  

The phenomenon of hydrogen spillover has been recognized and studied extensively for a significant 

period of time [26], [27] and has been deemed highly significant in electrocatalytic processes [24], [25]. 

Researchers have effectively harnessed the phase boundary and the phenomenon of hydrogen spillover 

to create highly efficient electrocatalysts for HER. These catalysts have demonstrated their effectiveness 

in both acidic [26] and alkaline environments [27], [28]. As an illustration, Tan and colleagues [26] 

conducted an extensive theoretical screening of binary catalysts, focusing on the spillover effect. Through 

this screening, the researchers identified 11 prospective candidates for novel electrocatalysts. Among 

them, Pt1Ir1-MoS2 was successfully synthesized and subjected to experimental testing. As anticipated, 

this catalyst demonstrated remarkable HER activity in acidic conditions.  

Gutić et al. [21] devised a straightforward procedure for the synthesis of rGO-supported Ni electrodes 

for HER. The prepared composites (Ni@rGO) exhibited improved electrocatalytic activity toward HER 

in alkaline media in comparison to pure electrodeposited Ni. This improvement was explained to be 

caused by the spillover of Hads atoms at the Ni|rGO phase boundary. Moreover, according to Chanda et 

al., the rGO-modified Ni foam electrode has novel HER catalytic activity in an alkaline environment that 

outperforms Pt/C catalyst under similar conditions. The authors combined empirical measurements and 

theoretical DFT calculations to arrive at a conclusion that when H2O is discharged on the Ni surface, H 

atoms are produced and spilled over onto the rGO support. The rGO support acts as a recipient for the H 

adatoms, facilitating the continuous cleansing of active sites on the surface of Ni and acting as an 

alternative route for H2 generation [23]. Hence, a fundamental inquiry arises regarding the possibility of 

employing interfacial phenomena, particularly hydrogen spillover, to alter the form of the volcano curve. 

This alteration would involve shifting its apex towards more-economical HER electrocatalysts or towards 

greater HER activity. 

The second part of the thesis work will focus on examining the impacts of hydrogen spillover on the 

HER in an alkaline environment. To investigate this, Kinetic Monte Carlo (KMC) simulations will be 

used to explore the potential for enhancing HER rates by facilitating hydrogen spillover onto the 

substrate. Building upon the findings obtained from the Kinetic Monte Carlo (KMC) simulations, a set 

of catalysts will be synthesized utilizing r(GO) as a support material. The HER activities of these catalysts 

in alkaline conditions will then be evaluated and compared to the activities of the respective pure metal 

catalysts. Moreover, the effect of hydrogen spillover on the electrocatalytic activity of the supported 

metals will be examined by constructing volcano plots.  

It is anticipated that the results will aid in improving knowledge of how metal oxidation affects the 

electrocatalytic activities of the considered metals in acidic, alkaline, and neutral solutions. In addition, 

the results will provide basic information for further research on HER electrocatalysts in neutral 

solutions. Drawing upon the findings derived from the KMC simulations, along with the utilization of 

readily available hydrogen adsorption energy data and previous experience with rGO as catalyst support, 

it is anticipated that the HER activity of M@rGO catalysts will be improved in cases where there is a 

strong binding between the catalyst and hydrogen.  
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Chapter two - General background  

2.1. Hydrogen production processes  

Hydrogen is primarily used in the production of ammonia (specifically, the manufacture of fertilizers), 

the refinement of petroleum, and, to a lesser extent, the refining of metals [6]. Since hydrogen is not 

naturally occurring on the globe, around 44.5 million tons of H2 are generated each year utilizing various 

methods, including steam methane reforming (SMR), coal gasification, and water electrolysis. The first 

two processes account for 96% of the total hydrogen production, whereas water electrolysis contributes 

only 4% [29]. The predominant approach for obtaining hydrogen is through fossil fuels, which offers an 

efficiency rate of approximately 80% and proves to be cost-efficient. The most popular fossil fuel for 

producing hydrogen is natural gas, where methane and water vapor react at 1000 K to produce hydrogen 

and CO, which can then react with water at 400 K to produce hydrogen again. SMR inevitably involves 

the depletion of limited fossil fuels and the release of carbon dioxide [1]. In addition, SMR and coal 

gasification produce H2 and other byproduct gases, including CO and CO2, necessitating a complex 

purification process [20]. The increase in global temperature due to CO2 emissions from fossil fuel 

combustion has led to concerns over rising sea levels and the potential submergence of coastal cities. 

Furthermore, burning fossil fuels containing sulfur contributes to environmental pollution by forming 

sulfurous fogs and acid rain in industrialized areas [2].  

Thermolysis is another method for obtaining hydrogen through the thermal dissociation of water. It 

requires a high temperature of 2800 K, an expensive catalyst, and a significant energy expenditure, 

making it impractical for industrial use. Photocatalytic splitting of water is another method to obtain 

hydrogen. The electrolyte contains photocatalytic nanoparticles in a colloid suspension, and UV radiation 

is applied to split the water. This method is environmentally friendly, but its efficiency is low, ranging 

from 5% to 25%. Massive quantities of H2 are also produced by hydrolyzing reactive metals and metal 

hydrides. Yet, this process cannot be favored as a more environmentally friendly way to produce 

hydrogen because the metal hydride precursors are typically toxic metals made through fine chemical 

industries that harm the environment [30].  

Electrolysis plays a crucial part in the production of H2, wherein water is separated into its components 

using an electric voltage and a catalyst. Currently, this method contributes around 5% to the overall 

industrial hydrogen production, with efficiency for production ranging from 30% to 40%. Future 

technological developments and the identification of improved catalysts are anticipated to boost this 

method's effectiveness. The fact that water is readily available as a hydrogen source makes 

electrocatalytic and photocatalytic water electrolysis the most environmentally friendly methods for 

producing hydrogen [20].  

Various water electrolysis methods have been investigated, and they can be classified based on the 

electrolytes employed. These include proton exchange membrane electrolysis (PEMEL), alkaline 

electrolysis (traditional alkaline water electrolysis (AEL) and anion exchange membrane electrolysis 

(AEMEL)), high-temperature electrolysis (HTE) utilizing solid oxide electrolysis cells (SOEL), and 

microbial electrolyzers cells (MEC) [7], [9], [12], [31], [32]. Despite being categorized as a slightly 

different type of electrolysis, MEC is suitable for the mass synthesis of hydrogen using renewable energy 

sources [32]. Due to its high operating temperature, SOEL technology necessitates significant energy 

consumption. However, the lower-temperature operating systems AEL and PEMEL have attained high 

degrees of technological maturity [31]. Currently, it is challenging to produce hydrogen on a large-scale 
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using water electrolysis by virtue of the high cost of noble and PGM catalysts in acidic conditions and 

the low energy conversion efficiency of non-noble and non-PGM catalysts in basic conditions. While 

numerous water electrolyzers have been made experimentally through the development of durable 

electrocatalysts, most still necessitate cell voltages well above 1.8 V to attain a current density of 200 

mA cm-2. Unfortunately, this level of performance falls short of meeting commercial requirements [4]. 

2.2. Proton exchange membrane water electrolysis  

Proton-exchange membrane water electrolyzers (PEMELs) function in acidic environments and consist 

of an anode and a cathode, with a polymer electrolyte membrane (PEM) separating them. This membrane 

is usually less than 50 μm thick and serves to separate gases and minimize ionic resistance. PEMEs 

operate at a temperature of about 100 °C, the same as an AEL. The PEM is frequently made up of Nafion, 

a prevalent electrolyte used in polymer electrolyte fuel cells (PEFC). Nafion has a satisfactory level of 

proton conductivity, allowing it to reach a current density of more than 2 A cm-2 [32]. Furthermore, PEM 

has the ability to separate product gases, which boosts the Faraday efficiency of PEMEs to about 100%. 

Additionally, PEM facilitates operation at high pressure, making it ideal for upscaling and compressing 

hydrogen gas for transportation purposes. It is possible to increase the operating pressure to 

approximately 100 bar, but the PEM must be thicker in such instances, resulting in increased proton 

conductivity resistance. Operating at high pressure reduces the relative size of product gas bubbles and 

their corresponding Ohmic resistance [32]. Industries are increasingly adopting the PEMEL system 

owing to its compact design, high system competence (around 52-69%) at high current density, dynamic 

operation, quick response, operation at low temperatures, and the capability to produce highly pure H2 at 

high pressure (30-80 bar) [10]. While PEMEL devices have stricter requirements for water quality, they 

have the advantage of operating with pure water as the electrolyte solution. In contrast, alkaline 

electrolyzers necessitate the recovery and recycling of KOH electrolytes [10].  

However, the local acidic environment in PEMELs severely restricts the selection of electrocatalysts to 

a small subset of PGMs like Pt, Pd, IrO2, and RuO2. The PGMs such as Pt and Pd are typically used to 

catalyze the cathodic HER, while electrocatalysts based on Ir or Ru are used for the anodic OER [33]. 

Moreover, the highly acidic conditions and the use of the PEM systems increases their cost and stability 

concerns [29]. High catalyst loadings, approximately three mgPGM cm-2, are needed for significant current 

densities in PEMEL, but this leads to high costs and hampers large-scale implementation. Additionally, 

recycling PGM catalysts becomes challenging with the use of fluorinated membranes like Nafion in 

PEM-based electrolysis due to environmental regulations [33]. Acid-based PEMEL cells also face issues 

with electrolyte vaporization, leading to corrosion of the electrolytic cell and contamination of the 

produced H2 gas [29].  

2.3. Alkaline water electrolysis  

For several decades, starting from the 1920s, the chlorine and fertilizer industries have extensively 

utilized AEL as a well-established and widely adopted method for H2 production [10]. AEL consists of 

an anode and a cathode submerged in an alkaline solution, typically 20-30% KOH. A diaphragm is placed 

between the two electrodes to enable the flow of hydroxide ions (OH-) through the KOH solution. This 

diaphragm also keeps oxygen and hydrogen separated to avoid their recombination [32], [33]. AEL is 

the most established technology for producing hydrogen commercially up to a megawatt scale. 

Nevertheless, it has disadvantages arising from the use of a diaphragm. Immersing a diaphragm in an 

alkaline solution results in high Ohmic loss, which restricts the maximum current density. Furthermore, 
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the diaphragm cannot entirely prevent the mixing of oxygen and hydrogen. Consequently, it is not 

possible to attain high pressure, which would have been advantageous for a large stack design [32]. AEL 

systems have high efficiency (⁓ 55–70%) but are limited by low heating value, low current density, and 

low operating pressures, which increase system size and H2 production costs [10]. In addition, the HER 

activity in alkaline environments is much lower compared to acidic environments [3], posing a significant 

challenge for alkaline-HER technology [31]. AEL systems face limitations in using thin diaphragms in 

order to reduce ionic resistance without compromising gas crossover and overall effectiveness. As a 

result, the maximum current densities achievable in AEL are around 0.2-0.4 A cm-2, despite the use of 

concentrated KOH electrolytes (25-30 wt% KOH) [33].  

Despite the aforementioned limitations, this kind of electrolyzer is prevalent since it doesn't require costly 

materials. When compared to PEMEL cells, water splitting in alkaline media allows us to use other 

affordable metals, such as nickel, avoiding those of the PGMs [3]. Additionally, the KOH solution 

employed as the electrolyte is inexpensive and provides non-noble metals with greater stability, reducing 

corrosion and dissolution. This leads to longer-lasting catalytic activity, making it a more attractive 

option compared to acidic catalysis. Furthermore, the use of alkaline electrolytes has the benefit of 

generating fewer vapors when operating at high temperatures. This is because alkaline electrolytes have 

a lower vapor pressure, which helps produce pure H2 gas [29]. Due to these factors, AEL is widely 

considered to be the most dependable approach for producing H2 on a large scale [9], [31]. Both AEL 

and PEMEL technologies function within a temperature range of 50 to 80 oC and at up to 30 bar pressures. 

These technologies achieve a token stack efficiency of approximately 70% [31] while AEL systems have 

lower capital costs than PEMEL due to the absence of precious catalysts [7]. As of 2020, the investment 

costs for AEL systems were in the range of 800 to 1500 € kW−1, whereas PEMEL systems ranged from 

1400 to 2100 € kW−1. Additionally, when compared to the PEMEL system, AEL systems have a longer 

lifetime and lower annual maintenance costs [31].  
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Chapter three - Trends in electrocatalysts for hydrogen 

evolution reaction 

3.1. Literature review 

3.1.1. Hydrogen electrode reactions  

The creation of the Voltaic pile, also known as Volta's column, by Alessandro Volta in 1800 is widely 

acknowledged as the beginning of electrochemistry. Volta's invention of the voltaic pile transformed the 

study of electricity. Unlike static electricity studied by scientists like Benjamin Franklin, it produced a 

continuous current. This breakthrough opened up new research avenues, focusing on the chemical 

production of electricity and the effects of electricity on chemicals. The invention of the pile attracted 

the attention of Napoleon Bonaparte, and in 1801 he even served as Volta's lab assistant. In 1800, William 

Nicholson constructed a battery similar to Volta's electric battery and performed several experiments 

with it. During these experiments, Nicholson and Anthony Carlisle discovered that when they placed the 

battery poles in the water, they produced bubbles of gas identified as oxygen and hydrogen, which is 

now considered the first practical demonstration of water electrolysis. In 1801, Humphrey Davy 

conducted experiments on Volta's column, and he discovered that the generation of electricity through 

the voltaic pile was not solely dependent on the contact between different metals but involved chemical 

reactions as well. He used the pile's current to break compounds into their components, and in 1807, 

Davy successfully separated Na and K through electrolysis. The foundational experiments conducted by 

Michael Faraday in 1833 paved the way for the subsequent advancements in electrochemistry. These 

experiments introduced the concept of ions as agents of electrical conduction and established the 

relationship between atoms and electricity. Faraday published the two vital laws of electrochemistry in 

1834, which accurately predict the quantity of product obtained through electrolysis, a process of passing 

an electric current through a chemical compound or its solution. In 1853, Hermann Helmholtz proposed 

the first model of the double electric layer, while Gaston Plante created the first lead-acid battery in 1859, 

which marked an important milestone in the evolution of electrochemistry. During the late 1800s and 

early 1900s, many researchers contributed to the establishment of modern electrochemistry principles. 

Following World War II, substantial advancements were made in the domain of electrochemical kinetics. 

The rapid growth of the electronics industry facilitated the emergence of modern electrochemical 

techniques, including cyclic voltammetry, chronoamperometry, pulse polarography, electrode 

impedance, and various others.  

Electrochemical reactions involve the transformation of chemical energy into electrical energy or vice 

versa, requiring an electrolyte and electroactive species. These reactions differ from purely chemical 

reactions as they transfer electrical energy between the system and an external source, leading to the 

accumulation or release of chemical energy within the system. Electrochemical reactions are defined as 

heterogeneous chemical reactions where electron exchange occurs solely at the interface between an 

electrode's surface and an ion or molecule in the electrolyte. In an electrochemical setup, oxidation and 

reduction reactions happen in spatially separated regions of the system. These reactions occur specifically 

at the interface between an electronic and ionic conductor, which is the electrode. Such reactions are 

referred to as redox reactions, where reduction occurs when a particle in the electrolyte gains an electron, 

and oxidation occurs when a particle in the electrolyte loses an electron. The process of oxidation is 

referred to as an anode reaction, and it occurs at the anode. On the other hand, the reduction is known as 
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a cathode reaction and takes place at the cathode. Electrochemical reactions involve the flow of electric 

current due to the directed movement of electrons. Moreover, unlike chemical reactions, the course of 

electrochemical reactions can be changed by adjusting the voltage applied to the electrodes. This allows 

the reaction to proceed in either the direction of spontaneous (galvanic cell) or the opposite direction 

(electrolytic cell). The applied voltage determines the direction of the reaction if the voltage is greater 

than the electromotive force of the cell, an electrolytic cell will occur [34], [35].  

Electrochemical reactions typically occur in three stages: the transportation of reactants to the surface of 

the electrode, the electrochemical reaction itself, where electrons are exchanged between the electrode 

and the reactant, and the transportation of the resulting products away from the electrode. If multiple 

electrons are exchanged, the reaction mechanism has multiple electrochemical stages. Apart from the 

previously mentioned stages of an electrochemical reaction, additional processes can occur. These 

processes involve the physical or chemical adsorption of reactants, intermediates, or products, including 

dissociative adsorption and chemical reactions involving reactants, intermediates, or products. Other 

processes that may occur include surface diffusion of electrochemical reaction products and 

crystallization, which is typical of metal deposition reactions.  

The various stages of an electrochemical reaction occur sequentially, and each stage has its own rate of 

occurrence. The overall speed of the reaction is determined by the rate of the slowest stage, which is 

known as the "slow stage." The speed control of an electrochemical reaction can be categorized based 

on the slowest stage involved. These categories include activation control, where the slow stage is the 

transfer of electrons; diffusion control, where the slow stage is the mass transport from the electrolyte to 

the surface of the electrode; reaction control, where a chemical reaction is involved, and the slow stage 

is the performance of that reaction resulting in the formation of the reactant; and mixed control, which 

occurs when two different stages have equal slowness. Activation-diffusion control is the most common 

type of electrochemical reaction control, but it can also be reaction-diffusion and activation-reaction 

control [34]–[36].  

Water electrolysis involves two simultaneous electrochemical reactions at separate electrodes: the 

cathodic HER and the anodic OER. A typical water electrolysis cell comprises an anode, a cathode, a 

power source, and an electrolyte. When an electric current is applied, electrons flow to the cathode, 

producing H2, while ions migrate across the electrolyte to the anode, where they release electrons to 

produce O2. Efficient H2 production relies on understanding the water electrolysis mechanism. However, 

the OER efficiency at the anode poses a significant challenge to its widespread industrial implementation. 

The OER mechanism is more challenging than the HER mechanism in terms of both thermodynamics 

and kinetics. This is due to the fact that it necessitates the sequential transfer of four electrons as well as 

the dissolution of O-H bonds to create O-O bonds. Depending on the type of electrolyte employed, water 

electrolysis can take place in acidic, pH-neutral, or alkaline conditions. Equations (3.1) and (3.2) outline 

the mechanism of HER and OER in acidic electrolytes, while equations (3.3) and (3.4) describe how 

these reactions occur in alkaline electrolytes.  

4H+ + 4e- → 2H2         (3.1) 

2H2O → 4H+ + O2 + 4e-       (3.2) 

4H2O + 4e- → 2H2 + 4OH-       (3.3)  

4OH- → O2 + 2H2O + 4e-       (3.4)  
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The HER and OER involve multi-step mechanisms with multiple potential pathways. The mechanism of 

HER, which is influenced by the pH of the solution [37] can be summarized in acidic environments as 

follows:   

H+ + e- + * → Hads        (3.5) 

Hads + Hads → H2 + 2*        (3.6) 

H+ + Hads + e- → H2 + *       (3.7) 

 

In an alkaline media, the HER mechanism can be presented in a similar way:  

 

H2O + e- + * → Hads + OH-       (3.8) 

Hads + Hads → H2 + 2*        (3.9) 

H2O + Hads + e- → H2 + OH- + *      (3.10) 

 

Within this particular mechanism, * signifies an unoccupied active site on the catalyst's surface. The 

reaction initiates with a Volmer step (Equations 3.5 and 3.8), and the intermediate species (Hads) is 

subsequently eliminated from the surface via either the Tafel reaction (Equation 3.6 and 3.9) or the 

Heyrovsky reaction (Equation 3.7 and 3.10). Even on Pt catalysts, the HER proceeds significantly slower 

in alkaline environments compared to acidic environments. This is due to the sluggish H2O dissociation 

involved in the Volmer step (3.8). The preferred mechanism depends on various factors, including the 

surface coverage of Hads. In situations where the surface coverage is high, there is a higher likelihood of 

the Volmer-Tafel mechanism occurring due to the increased probability of the surface recombination 

step. Conversely, when the surface coverage is low, the Volmer-Heyrovsky mechanism is favored [9].  

3.1.2. Kinetics of the HER/HOR  

The overall processes of anodic hydrogen oxidation reaction (forward step) and cathodic HER (reverse 

step) in acidic and basic conditions can be described as follows.  

2 2 2H H e    (in acidic media)    (3.11) 

2 22 2 2H OH H O e    (in alkaline media)    (3.12) 

Although the HER/HOR reactions may appear simple, they are actually more complicated than outer-

sphere electrode reactions because they involve adsorption and the formation of Hads atoms as an 

intermediate on the surface of the electrodes. The two common mechanisms through which HER/HOR 

reactions proceed are the Heyrovsky-Volmer or the Tafel-Volmer mechanism. The corresponding 

reaction steps in acidic and alkaline media are described in eq. 3.5 to 3.7 and eq. 3.8 to 3.10, respectively.  

Electrocatalysis is distinct from catalysis in that the electrodes' potential impacts the rate of the reaction. 

To make things simpler, let's look at how potential influences the speed of a single electron, adsorption-

free outer-sphere electrode reaction [38].  

R O e          (3.13) 

In this case, both oxidized (O) and reduced (R) species coexist in the solution and the rate of the reaction 

can be expressed as follows:  

S S

R OKC KC           (3.14) 
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In the above equation, K and K represent the heterogeneous rate constants (measured in cm s-1) of the 

anodic and cathodic reactions, respectively. Meanwhile, CO and CR indicate the concentrations (in mol 

cm-3) of the reacting species that are located in close proximity to the interface between the metal and 

solution (denoted by the superscript 'S').  

The resultant overall currents (measured in amperes (A)) can be expressed as:   

S S

R OI I I FA KFAC KFAC           (3.15) 

where A corresponds to the electrode's surface area (measured in cm²), while F denotes the Faraday 

constant (measured in C mol-1)  

Based on the theory of activated complex, the rate constant K is exponentially related to the standard 

free energy of activation (∆G#) as follows:  

#

'exp
G

k k
RT

 
  

 
        (3.16) 

The 
#G  for cathodic (

#

G ) and anodic (
#

G ) reactions in electrochemical processes depend on 

the electrode potential (E) in the following ways:  

# #,0
'(1 ) ( )oG G F E E            (3.17a)  

# #,0
'( )oG G F E E            (3.17b)  

where 
'oE is the formal electrode potential and α is the charge-transfer coefficient  

Equation 3.15 will be modified, by inserting equations 3.16 and 3.17 and incorporating the standard rate 

constant k0, which denotes the situation where the bulk concentrations of oxidized and reduced species 

are equal (
b b

O RC C ), to yield the following expression for the total current density:  

' '(1 ) ( ) ( )
exp exp

o o
S o S o

R O

I F E E F E E
j C Fk C Fk

A RT RT

       
     

   
  (3.18) 

At equilibrium (j = 0), the partial current densities for both anodic and cathodic reactions have the same 

absolute value, which is known as the exchange current density (j0). Assuming that the surface and bulk 

concentrations are also equal under equilibrium conditions (Cs = Cb), then we can express j0 as:  

(1 )
o b b

o O Rj Fk C C
 

         (3.19)  

Finally, if we assume that mass transport is quick and that the bulk concentrations of oxidized and 

reduced species are identical and introduce the overpotential (η = E – Eeq, where Eeq is the electrode 

potential at equilibrium conditions), we get the famous Butler Volmer equation:  

(1 )
exp expo

F F
j j

RT RT

         
     

    
     (3.20)  
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The eq. 3.14 can be simplified at “low” (
RT

F



 ) or “high” (

RT

F



 ) values of overpotential. In the 

first scenario, known as micro polarization region ( 10   mV at T = 298 K), the exponents in the eq. 

3.20 can be expanded using the Taylor series. This expansion results in a linear relationship between j 

and η: 

oj F
j

RT
          (3.21) 

When the overpotential η reaches sufficiently large values ( 50   mV at T = 298 K), one of the 

exponents in equation 3.20 becomes significantly smaller in comparison to the other. Consequently, it 

can be disregarded, leading to the formulation of equations 3.22a and 3.22b for large negative and large 

positive η, respectively: 

expo

F
j j

RT

  
  

 
        (3.22a)  

(1 )
expo

F
j j

RT

  
  

 
       (3.22b)  

If we graphically represent these equations on a semi-logarithmic scale, commonly referred to as 

Tafel plots [3], they result in straight lines.  

logb ja  
        (3.23) 

The parameters a and b are known as Tafel constants. By determining the slope b, we can estimate a, 

and by extrapolating the linear portion of the log|j|/η curve η = 0, we can calculate j0. Tafel plots are an 

effective tool for analyzing the kinetics of electrode processes.  

Based on the elementary processes (eq. 3.5 to 3.7), it is conceivable to imagine two potential mechanisms 

in acidic conditions: Volmer-Tafel and Volmer-Heyrovsky [39]. 

(a) Volmer-Tafel: Initially, protons are discharged (known as the Volmer step), which causes an increase 

in the amount of Hads on the catalyst's surface. As the amount of Hads coverage increases, there is a greater 

likelihood that two hydrogen atoms will combine to form a molecule. The rate of discharge eventually 

reaches equilibrium with the rate of Hads recombination and H2 production.  

(b) Volmer-Heyrovsky: Both methods share the same initial proton discharge. In this particular path, as 

the Hads coverage on the surface increases (assuming the Volmer-Tafel is negligible), the likelihood of 

proton collisions with the adsorbed hydrogen also increases. Eventually, a steady state is reached when 

there is a balance between the proton discharge and electrochemical desorption.  

The process of HER seems to exhibit characteristics of both the Volmer-Tafel and Volmer-Heyrovsky 

mechanisms. The Volmer-Tafel pathway is more common at low overpotentials, while the Volmer-

Heyrovsky becomes more prevalent as the overpotential increases [40]. The mechanisms described above 

can result in three different RDSs: Volmer, Heyrovsky, and Tafel. Both mechanisms exhibit an 

exponential increase in catalytic current with overpotential, but the rate of increase differs for different 

RDSs, allowing for the identification of the RDS and the surface mechanism of a catalyst. The Tafel 
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slope, which remains constant regardless of the catalytic current magnitude, corresponds to a specific 

RDS among the three mentioned [39].  

As already mentioned earlier, the Tafel slope provides information about the RDS and the plausible HER 

mechanism, specifically related to the electron-transfer kinetics in the catalytic reaction. A smaller Tafel 

slope indicates a significant increase in current density (j) with changes in overpotential, suggesting faster 

electrocatalytic reaction kinetics. A lower Tafel slope is desirable as it enables higher catalytic current at 

a relatively lower overpotential. The j0 refers to the charge transfer that occurs under equilibrium 

conditions. A greater j0 signifies an accelerated charge transfer rate and a diminished reaction barrier 

[39]. Thus, a better electrocatalyst is typically characterized by a lower Tafel slope and a higher j0 [2] 

[3]. In the HER potential region at 25°C, different Tafel slopes are theoretically predicted based on the 

RDS, i.e., 120 mV dec-1, 30 mV dec-1, 40 mV dec-1 for the Volmer, Tafel, and Heyrovsky limiting 

reactions, respectively. Typically, a Tafel slope of 120 mV dec-1 is observed in most materials at practical 

current densities. This is attributed to the slow discharge of protons or the sluggish electrochemical 

desorption of Hads atoms. However, in acidic environments where the Volmer step is exceptionally rapid, 

PGMs tend to exhibit a lower Tafel slope of 30 mV dec-1. While the literature commonly associates a 

Tafel slope of 120 mV dec−1 with the Volmer step for HER, Shinagawa et al. discovered that this slope 

can also be obtained when the Heyrovsky step is the RDS at high Hads coverage (>0.6) [41].  

Moreover, there is a scenario where different steps proceed at a similar rate, making the Tafel slope 

analysis uncertain [38]. Watzele et al. discussed the challenges and uncertainties in understanding the 

HER. The authors used electrochemical impedance spectroscopy to study the relative contributions of 

two pathways (Volmer-Heyrovsky and Volmer-Tafel) to the HER at different electrode potentials and 

pH values. Their results showed that both pathways contribute similarly to the reaction, and neither 

dominates [42]. In comparison to reactions involving outer-sphere electrodes, it is essential to remember 

that the kinetics of electrocatalytic processes are complex due to the formation of adsorbed intermediates. 

Thus, the Butler-Volmer equation should consider the surface coverage of these species, which often 

varies with the electrode potential. This makes it challenging to interpret the Tafel slopes in 

electrocatalytic reactions such as the HER.  

3.1.3. Electrocatalysts for the HER/HOR  

Due to increasing environmental concerns regarding fossil fuels, renewable energy sources have gained 

significant popularity. Hydrogen has emerged as a promising energy carrier since the 1970s due to its 

high energy density and absence of carbon dioxide emissions [43]. Extensive research has been devoted 

to electrochemical energy conversion devices, such as electrolyzers, fuel cells, and solar hydrogen 

devices, which offer the potential to establish a secure, environmentally friendly, and sustainable H-

based energy system. Electrolyzing water with renewable energy sources is a viable approach to storing 

renewable electricity as hydrogen gas. However, the thermodynamics and kinetics of water splitting pose 

challenges, leading to the need for high voltage inputs (1.8-2.5 V) in traditional water electrolysis. The 

kinetics of electrolytic water-splitting is significantly reduced by the large overpotential resulting from 

the two-electron transfer pathway for cathodic HER and the four-electron coupled anodic OER pathway 

[15]. Therefore, to enhance energy conversion efficiency and minimize overpotential and activation 

energy for both the HER and OER, the utilization of highly efficient electrocatalysts becomes essential. 

Platinum-based catalysts are effective and stable for both HOR and HER under acidic conditions [44]. 

Currently, fuel cells and electrolyzers rely on PEMs that operate at low pH (pH = 0). While these systems 

offer high power densities, they necessitate significant quantities of Pt for the oxygen reduction reaction 

(ORR) in fuel cells and Ir for OER in electrolyzers. The HER/HOR requires only minute quantities of Pt 
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due to its exceptional activity [51]. However, for reasons that are not yet fully understood, the kinetics 

of HER/HOR on Pt are significantly slower in alkaline electrolytes compared to acid electrolytes. This 

necessitates larger quantities of Pt to catalyze HER/HOR in an alkaline media [15], [45]. In recent years, 

there has been extensive exploration of HER catalysts based on cost-effective transition metals [43], [46], 

[47]. Despite extensive research, an inexpensive and readily available electrocatalyst for HER has yet to 

be discovered. To better comprehend the process, it is necessary to examine the mechanism of HER, 

which is influenced by the pH of the solution [37].  

 

In acidic conditions, the HER follows the mechanism described in Equations 3.5 to 3.7. However, in 

alkaline conditions, the HER mechanism occurs according to Equations 3.8 to 3.10. As previously stated 

in Section 3.1.1, the HER begins with a Volmer step (Eq. 3.5 and 3.8), and the intermediate species Hads 

is then eliminated from the surface through either the Tafel reaction (Eq. 3.6 and 3.9) or the Heyrovsky 

reaction (Eq. 3.7 and 3.10). In both mechanisms, the HER can be described as a two-step process, with 

either the Volmer step involving adsorption or the Heyrovsky/Tafel step involving desorption 

determining the rate of the reaction. The electrolytes' pH, in particular, has a significant impact on the 

mechanism [47].  

 

In highly acidic environments, H+ transfer is fast, but proton diffusion limitations are already evident at 

pH around 3, and to achieve non-limited H2 production at the desirable rate, the HER should be conducted 

at a very low pH. At such low pH, the HER is fast and reversible on Pt and PGMs. Nevertheless, Pt-

based catalysts are costly and unsuitable for large-scale H2 production. Cheaper metals like Ni show 

promise as alternatives, but they have lower performance compared to Pt and can experience stability 

problems due to their tendency to dissolve in acids as they are less noble. The HER in alkaline media is 

considerably slower (even on Pt) compared to acidic media due to the sluggishness of the Volmer step 

(3.8) that involves the dissociation of H2O. However, the HER in alkaline media offers the opportunity 

to use cheaper non-PGMs such as Ni, and alkaline solutions have no diffusion concerns. In practical 

applications, large-scale water electrolysis to produce H2 is carried out in concentrated alkalis utilizing 

stable and inexpensive Ni-based catalysts, whose decreased activity relative to Pt is offset by their lower 

price [37].  

 

Based on the mechanism of the HER, the HER process involves consecutive and competing steps of 

hydrogen adsorption and desorption on/from the surface of the electrode. A catalyst surface that exhibits 

weak binding strength is unable to effectively adsorb the reactant, while a surface with strong binding 

strength faces challenges in liberating the product to complete the HER process. As a result, an ideal 

HER electrocatalyst should have well-balanced H bonding and releasing properties in accordance with 

the Sabatier principle [43]. According to the Sabatier principle, the most active catalyst must adsorb 

reactive intermediates in a manner that is neither too strong nor too weak.  

 

Several researchers have attempted to make a link between the activities and the physicochemical 

properties of the electrodes in the HER/HOR. The relationship between the HER/HOR jo and the Gibbs 
free energy of adsorption (∆adsGH) of the Hads-intermediate on the catalyst surface is one of the most 

commonly used correlations. The primary reason for this is that the Hads atoms are the key intermediate 

in the HER/HOR in accordance with equations 3.5–3.10. In the late 1950s, Parsons proposed a 

relationship between the HER activity in terms of jo and the ΔadsGH, resembling a Volcano curve where 

the maximum HER activity occurs when ΔadsGH is equal to 0 eV [48]. However, he couldn't include 

experimental data due to the unavailability of tools to estimate ΔadsGH. Krishtalik's gas-phase 

measurements of M-H bond strength improved this limitation, and Trasatti was able to draw a Volcano 

curve (Figure 3.1a) for over 30 different metals [13]. The volcano plot was subsequently modernized by 
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Nørskov et al. [49] (Figure 3.1b) by incorporating HER activities in acidic media and considering DFT-

calculated hydrogen adsorption energies, and it was reviewed by Quaino et al. [17]. The volcano plot 

based on DFT energies was also shown to be applicable to HER in alkaline media [15] (Figure 3.1C). 

The HER in Pt is thermoneutral; Pt is located at the apex of the Volcano plot. Nevertheless, even with 

optimal ΔadsGH value does not ensure that metal will be an effective catalyst for HER, as evidenced by 

the example of Cu in [17]. There are some differences in the dependences of jo on the ΔadsGH plotted by 

different authors as a result of the use of different methods for calculating the ΔadsGH value. The ΔadsGH 

in the old volcano plot (Figure 3.1a) [13] is based on the M-H binding energy of the corresponding metal 

hydrides, and in the modern volcano plots (Figure 3.1b, c) it is based on DFT calculations [15], [49].  

 

According to the volcano curves, noble metals or the PGMs with ΔadsGH close to zero have the highest 

catalytic performance for HER [3] in line with the prediction by Parson [48]. Being located at the apex 

of the volcano plot, the HER activity of Pt outperforms other metals due to its unique characteristic of 

having a thermo-neutral reaction at the equilibrium potential. In contrast, metals located on either side of 

the "volcano plot" do not exhibit this favorable property [13], [49]. On the left side of the volcano 

maxima, the rate of the reaction declines as the hydrogen chemisorption energy (ΔEHad) decreases 

because there are insufficient surface sites available for H + H recombination. On the right side of the 

maxima, the reaction rate decreases as ΔEHad increases because as the hydrogen becomes more unstable 

on the surface, proton transfer becomes increasingly challenging. The volcano plot encompasses sp 

metals, coinage metals, and d-metals and represents their HER catalytic activities. These activities, 

measured j0, vary over six orders of magnitude, mainly due to the differences in their affinity towards 

hydrogen adsorption. The key requirements for an effective HER catalyst are: (i) having a ΔG value near 

zero at the equilibrium potential (in line with the Sabatier principle), (ii) the metal's d-band should include 

the Fermi level, and (iii) a strong and long-range interaction must exist between the metal's d-band and 

the hydrogen 1s orbital [17]. For sp metals, the rate-determining step in the HER process is the Volmer 

reaction [17]. The Pt and PGMs (such as Rh, Ir, Ru, and Pd) are by far the best catalysts for HER at very 

low pH [7], [37], Pt being widely used to compare the performance of other HER electrocatalysts [43]. 

Pt successfully catalyzes the HER with a Tafel slope of 30 mV dec-1 and at low overpotential near zero 

[50]. In the past few decades, scientists have studied the HER on a variety of transition metals, including 

Cu, Au, Mo, Pd, Rh, Fe [15], [51], [52], Ag, Pt, Pd, Co W [15], Ni [15], [53], [54], and Ti [55].  

 

  
Figure 3.1 The volcano plots: in a) acidic media (j0 vs EM-H ) [13], in b) acidic media [49] and c) alkaline 

media [15]. For b and c, j0 is plotted against DFT calculated energy of hydrogen absorption on the 

catalyst.  

Noble metals and PGMs are the most efficient electrocatalysts for HER. However, their high cost and 

limited availability have spurred investigations into methods to either substitute them or improve their 

performance by combining them with more economical transition metals [50]. Research is actively 

focusing on three types of non-PGM electrocatalysts: transition metal complexes, alloys (binary, tertiary 
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and etc.), and carbonaceous nanomaterials. Among the various binary systems studied thus far, excluding 

the PGMs, the electrocatalytic performance of nickel-molybdenum (Ni-Mo) alloys has been found to be 

the most efficient for HER [22]. Among the non-PGM electrocatalysts, transition metal complexes MX 

(where M is Ni, Mo, Co, W, and X is Se, S, C, P, N, etc.) are also one of the most practical options due 

to their high electrocatalytic activity and electrochemical stability. Metal selenides [56], phosphides [57] 

[58], nitrides [59], and carbides [60] have been investigated for catalyzing HER. Transition metal sulfides 

are highly promising options for the HER because they offer a combination of affordability and ease of 

preparation [50]. Molybdenum sulfide materials are among the best catalysts for HER because of their 

high activity and superb stability [61]. Transition metal carbides (TMCs) (Mo2C and WC) have been 

shown to have potent catalytic activity against HER because of their high electrical conductivity, H-

adsorption capabilities, and d-band electronic density state (which is close to that of Pt) [3]. Yet, 

compared to Pt surfaces, the HER j0 for TMCs’ is 2-3 orders of magnitude lower [62]. Several strategies 

have been employed to improve the performance of materials for the HER. These include modifying the 

structure to increase surface active sites, introducing dopants (both cation and anion), and regulating 

crystallinity [50]. Additionally, an interesting approach is the utilization of core-shell, over-, and 

sublayer, doped, and supported structures, aiming to replace pure Pt as an electrocatalyst for HER [63].  

 

An important approach to enhance the catalytic activity, stability, and utilization of metal catalysts 

(nanoparticles) is to employ different supports, and the current scientific research is primarily focused 

on the development of different types of catalyst support materials, both carbon-based and carbon-free 

[20]. Furthermore, modifying the chemical and physical properties of the support material for carbon-

based catalysts is crucial as carbon commonly plays a vital role in numerous catalysts, including Pt 

electrocatalysts [50]. Another crucial area of research is the development of meticulously controlled 

nanocomposite and nanostructured catalysts with proper design for promoting HER [64]. Furthermore, 

the utilization of single-atom catalysts enables the reduction of precious metal loading [63].  

 

While bulk/polycrystalline and single-crystal surfaces provide valuable insights into the HER 

mechanism, they are not practical for commercial H2 production. In effect, the usage of catalysts is 

greatly improved by the high dispersion of catalysts on a support material [31]. Alkaline HER activities 

can also be improved by pairing Pt with water dissociation promoters, which is pertinent for utilization 

in real-world industrial applications. However, because of their inexpensive cost and availability, non-

noble metal based HER electrocatalysts have attracted a lot of attention [65]. Furthermore, research has 

indicated that the kinetics of HER is significantly influenced not only by the nature of the electrode 

(crystallinity and orientation) but also by the pH and composition of the electrolyte [65], [66].  

3.1.4. Electrochemical behavior of single-crystal and polycrystalline metal electrocatalysts 

in an acidic medium  

As discussed in Section 2.4, the HER is quick on Pt and PGMs (such as Pt, Ir, or Ru) under lower pH 

(acidic) settings because of their resistance to corrosive and aggressive acidic environments and their 

insolubility in acids. As a result, Pt and PGMs have been recognized the most effective electrocatalysts 

in acidic media, with Pt being one of the quickest electrocatalysts known. It is important to note that 

various elements, such as the electrolyte's composition and the electrode's crystal shape and orientation 

(single-crystal, polycrystalline, amorphous, etc.), might have an impact on the kinetics of the HER. Due 

to its remarkable electrocatalytic performance, a majority of research efforts are currently dedicated to 

investigating the HER mechanism occurring on the Pt surface in acidic environments [65]. However, the 

high cost and limited availability of PGMs render them impractical options, leading to ongoing research 

efforts to discover affordable electrocatalysts. HER volcano plot shows that very few metals, mostly 

noble metals, have the ability to effectively catalyze the HER on their own. Thus, developing alloys that 
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combine different metals, including those with strong and weak hydrogen bonds, is a practical approach 

to using affordable metals for electrocatalysis in HER [56].  

Not many published reports specifically address the sensitivity of the structure of (single crystal) metals 

to the HER/HOR. The HER/HOR on platinum single crystals in an acidic solution was studied by 

Marković et al. [67]. The results revealed that, at constant temperature (274 K), the HER/HOR activity 

of the crystal facets in terms of j0 increased in the order Pt(111) << Pt(100) < Pt(110). Moreover, the j0 

on Pt(110) surface was found to be three times that of the Pt(111) surface. The same order of HER/HOR 

catalytic activity of Pt(hkl) in both acidic and alkaline electrolytes was reported by [67], but there are 

significant differences in the actual rates of these reactions, as depicted in Figure 3.2. Using the Tafel 

slope measurements, the Tafel step with a slope of ~30 mV dec-1 and the Heyrovsky step with a slope of 

~40 mV dec-1 are believed to be the RDSs for Pt(110) and Pt(100), respectively. However, none of the 

projected values from the microkinetic analysis match the Tafel slope value of 74 mV dec-1 for Pt(111). 

Tafel slope values of about 30 mV dec-1 are typically measured for polycrystalline platinum, which 

closely matches the anticipated values for the Tafel step being the RDS [65], [68]. Moreover, the Volmer-

Tafel mechanism with the Tafel step as the RDS has been identified for HER on Pt(111) by using 

complex and intricate DFT calculations [69]. The HER on the low-index planes of single-crystal Au 

electrodes was studied by [70] in order to determine the degree of sensitivity of the reaction rate on the 

surface crystallographic structure. The catalytic activity in acidic media was found to proceed in the order 

Au(111) > Au(100) > Au(110), with the most and least active planes differing by an order of magnitude. 

The authors suggested that the reaction follows a similar mechanism on the three investigated Au facets 

and that the catalytic activity rises with surface atomic density. The investigation of the adsorption step 

(the discharge of the first proton) of the HER on Ag(111) and Ag(110) revealed that Ag(111) had linear 

Tafel slopes in acidic environments, whereas Ag(110) had a distinct shift in slope. Moreover, the HER 

current density on Ag(110) was found to be considerably lower than on Ag(111) [71]. Brisard et al. 

conducted a study on Cu(111) and Cu(100) surfaces to investigate the ORR as well as the HER/HOR 

reactions in acidic conditions. They found that at low overpotentials, the HER reaction was more 

prominent on Cu(111) compared to Cu(100). Nevertheless, the HER becomes more significant on 

Cu(100) surfaces at higher overpotentials. This is attributed to the influence of the surface structure on 

the adsorption of spectator species (such as (bi)sulfate anions) that impede the HER process on the 

investigated surfaces [72].  

 
Figure 3.2 The HER/HOR current potential polarization curves on single crystal platinum electrodes, at 

a potential scan rate of 20 mV s−1, in (a) acid and (b) alkaline media [37].  
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The majority of the old articles from which the experimental data on the HER at single crystal surfaces 

originate do not give a more in-depth, atomic-level explanation of why one metal single crystal facet 

demonstrates superior HER performance compared to others. Nevertheless, the variation in activity 

between the Pt facets was explained in terms of structure-dependent adsorption energies of the active 

intermediate. In particular, hydrogen can either be adsorbed relatively strongly (underpotential-deposited 

hydrogen, HUPD) or relatively weakly (overpotential deposited hydrogen, HOPD) on a Pt surface. The 

more-weakly bound Hads intermediate (HOPD), which serves as the reactive intermediate, is formed on 

potentials close to or negative to the Nernst potential of the hydrogen electrode [37]. Although the precise 

function of HUPD remains unclear, it has been suggested that HUPD competes with HOPD for identical 

adsorption sites and that it changes its adsorption energy [73]. It has already been reported that the HUPD 

rates are much faster (smaller charge transfer resistance Rct) in acid compared to alkaline electrolytes 

[74]. There is no doubt that the energy of H adsorption (Eads(H)) varies with Hads coverage, mostly due 

to the repulsion between two nearby Hads atoms [37]. The experimental findings and theoretical models 

were harmonized by a model which suggests the existence of an unspecified quantity of HUPD in deeper 

potential wells, specifically in a subsurface state. This arrangement allows for the availability of top sites 

for the adsorption of HOPD. Studies on polycrystalline metals are substantially more prevalent, primarily 

due to the abundance of available sites for H adsorption. As a result, there are numerous options for the 

reactive intermediate state in these systems [73]. 

3.1.5. Electrochemical behavior of single-crystal and polycrystalline metal electrocatalysts 

in neutral and alkaline medium  

PGMs still have excellent HER performance in alkaline environments, but the HER/HOR activity of 

PGMs declines by ⁓ 2 orders of magnitude, being in the range from 0.55 to 0.69 mA cm-2 for 

polycrystalline Pt and Pt/C catalysts in lower concentration alkaline solutions [38]. But then again, the 

practical applications of PGMs are limited because of their high price and limited availability. The 

utilization of alkaline electrolytes like KOH and NaOH offers an economically viable solution for 

industrial applications, as it enables the utilization of non-PGMs as electrocatalysts. Additionally, 

alkaline electrolytes provide enhanced stability for non-PGMs, eliminating the risks of corrosion or 

dissolution [75]. Non-noble metals have been employed as cathode catalysts for the HER in alkaline 

water electrolysis for many years. Initially, iron was utilized, but it was eventually substituted with steel. 

In recent times, there has been a growing interest in developing HER catalysts using abundant and cost-

effective transition metals like Ni, Co, Fe, W, and Mo in alkaline environments as a substitute for noble 

metal catalysts [29], [75]. In particular, there has been a transition toward the use of Ni-based catalysts 

due to their superior corrosion stability in alkaline environments compared to steel, despite slightly lower 

activity levels [38]. Until recently, the dependence of the rate of HER on the electrolyte pH has been 

largely ignored due to the lack of suitable experimental setups for accurately assessing the rapid HER 

kinetics in acidic media.  

 

However, it has been observed over time that the pH effect has a greater impact on the most active metals. 

For instance, when moving from pH = 0 to pH = 13, the HER activities of Pt, Ir, and Pd drop by factors 

of 210, 120, and 90, respectively [76], [77]. On the other hand, non-PGM electrodes, such as Au, Ni, or 

Cu, experience a lesser impact, with a 10-fold reduction in HER activity [13], [15], [77]. Additional 

studies conducted in neutral solutions have shown that the decrease in activity is in direct correlation 

with the pH level [78]. For a variety of electrocatalysts, including carbon-supported nanoparticles, and 

single and polycrystalline electrodes, various experimental results show that their HER activity relies on 

pH. A consistent trend is observed across these surfaces, where the activity progressively declines with 

the rise in pH [79]. Accordingly, distinct kinetic parameters (j0, Tafel slope, and reaction activation 
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energy, ∆H0#) for Pt(111) electrodes in acidic and alkaline solutions are reported by [80] as shown in 

Table 3.1.  

 

Table 3.1 Kinetic and thermodynamic parameters for Pt(111) surfaces in acid (0.1 M HClO4) and alkaline 

(0.1 M NaOH) conditions; ∆H0#DPt-H, and ΔHHUPD represent reaction activation energy, metal-HUPD bond 

strength and enthalpy of adsorption for HUPD  respectively [80].  

 

Pt(111) jo (mA cm-2) Tafel slope 

(mV/dec) 

ΔHo# 

(KJ/mol) 

ΔHHupd 

(KJ/mol) 

DPt-H 

(KJ/mol) 

Acid 0.21 - 74 18 - 42 ⁓240 

Alkaline 0.01 - 150 46 - 41 ⁓240 

 

A sharp decline in activity in the HER studies on Pt(111), Au(111), and polycrystalline Ir (Irpc) with the 

increase in pH from pH = 1 to 13 (Figure 3.3 (a-c)) is reported by [81]. The current potential (I-E) curves 

for Au(111) in acidic pH exhibit a shift towards greater overpotentials compared to Pt(111) and Irpc, 

despite having the same current density. This behavior, also observed by other groups [66], indicates that 

the mass transport of reactive H3O
+ species is responsible for regulating the HER under these 

experimental conditions. 

However, above pH=5 and potentials negative of -1.5 V for Au(111), -0.9 V for Pt(111), and -0.7 V for 

Irpc, the polarization curves for each metal become pH-independent, showing that under these 

circumstances, the HER currents are primarily regulated by the pH-independent transformation of H2O 

to H2, and thus the primary distinction between the HER in alkaline and acidic media is that in alkaline 

solutions the kinetics of the HER is constrained by a slow water dissociation step [79]. The idea of 

reducing water molecules is reinforced by the results obtained from polycrystalline Ni and Pt modified 

with Ni [82]. Examining the impact of surface geometry on the kinetic rates is another way to investigate 

how pH affects the HER. In particular, while the activity of Pt low-index single crystal surfaces varies 

only slightly in acidic media, it varies significantly in alkaline solutions [67], [73], [83]. Scanning 

tunneling microscopy (STM) images of the as-prepared Pt(100), Pt(110), and Pt(111) electrode surfaces 

have different surface morphology [81] and the degree of activity Pt(110) > Pt(100) > Pt(111), was 

directly related to the density of defects present on the surface [73]. According to Danilović et al. [84], 

the highly defected Pt(110) exhibits higher activity compared to the relatively “perfect” Pt(111). 

Moreover, the variation in activity is explained by the fact that the adsorption of hydroxyl and HUPD 

species is influenced by the structure of the crystal surface, which ultimately impacts the formation of 

the electroactive intermediate, HOPD [85]. For a more thorough understanding of the HER's structure-

activity relationship, Marković et al. [81] have conducted a comparative study between the HER activity 

of Pt(111) and Pt(111) decorated by electrochemically deposited Pt islands (Pt-islands/Pt(111)). The 

activity of the Pt-islands/Pt(111) surface for the HER in alkaline media was found to be approximately 

5 to 6 times higher compared to the pristine Pt(111) surface. However, in acidic media, the HER activity 

enhancement on the Pt-islands/Pt(111) surface was only around 1.5 times. This pronounced pH effect 

demonstrates that the low-coordinated single-crystal Pt atoms significantly affect the rate of the HER 

RDS in an alkaline solution, and it has been proposed that the dissociative adsorption of water is 

promoted by the low-coordinated Pt atoms in alkaline solutions [81]. Hence, in the case of materials 

possessing ideal M-Hads energetics, such as Pt, it is possible to enhance the surface reactivity for the HER 

by strategically designing active sites that facilitate highly effective dissociative adsorption of H2O.  
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Figure 3.3 pH-dependent polarization curves for (a) Au(111), (b) Pt(111), and (c) Ir-poly. The 

experiments were conducted using 0.1 M NaClO4, which was purged with H2 gas and pH adjusted with 

the addition of HClO4 or NaOH [79].  

In the current literature, there are several prevailing hypotheses explaining why HER kinetics are slower 

in alkaline solutions than in acidic ones: (i) The HBE is pH-dependent [15], [78], [86]. This concept has 

helped to explain numerous experimental findings, even though some inconsistencies still exist [78], 

[86], [87]. For illustration, if the HBE were to increase, it would account for the positive potential shift 

of HUPD on PGM-electrodes when they change from an acidic to an alkaline electrolyte. Nevertheless, 

despite demonstrating considerably lower HER activity in alkaline electrolytes than in acidic ones, the 

Pt(111) surface remains largely unaffected by this shift caused by the HUPD [77], [88], [89]. Furthermore, 

if there were a universal increase in the HBE with pH, it would result in an enhancement of the HER 

electrocatalytic activity of metals that weakly bind hydrogen (such as Au). However, this contradicts the 

experimental observations [77]. (ii) The proton donor (H3O
+ or H2O) is pH dependent [79]. In other 

words, the proton donor can switch from H3O
+ in an acidic environment to H2O in an alkaline 

environment. (iii) At the electrode|electrolyte interface, there is a pH-dependent water reorganization 

energy: According to Koper et al. [90], the water-reorganization energy related to proton-electron 

transfer would be higher because interfacial fields are stronger in an alkaline environment. Recent studies 

by Rossmeisl et al. have associated the reduction in HER activity at high pH with changes in the 

configurational entropy of the proton as it crosses the outer Helmholtz plane [91]. Furthermore, buffer 

molecules could ease H3O
+ transport limitations to the interface or serve as proton donors [92]. To gain 

a comprehensive understanding of the effect of pH on HER, a deeper comprehension of the structure of 

the Hads intermediates, and H2O adlayers on the surfaces of the catalyst is required. Improved 

computational methods that account for pH effects and go beyond HER activation energies are necessary.  

 

Strong acidic/alkaline electrolytes have been largely used in electrocatalytic HER research. Nevertheless, 

neutral or near-neutral electrolytes offer several advantages, such as reduced corrosion, an increased 

range of electrocatalysts, and avoid the need for costly anion/cation exchange membranes and 

acidic/alkali resistant catalysts. It is worth mentioning that the use of cost-effective earth-abundant 

catalysts under neutral pH conditions is a desirable goal for feasible solar-to-hydrogen fuel systems [46], 

[93]. Moreover, pH-neutral electrolytes enable the utilization of bifunctional catalysts, simplifying 

electrochemical systems and potentially resulting in notable cost reductions. Furthermore, neutral 

environments facilitate the utilization of seawater as an electrolyte and the desegregation of metal-based 

electrocatalysts with biocatalysts to produce biofuels [9].  

The mechanism of HER in neutral solutions is proposed to be similar to that of the alkaline media 

proceeding through the adsorption step (Eq. 3.8) followed by the desorption steps (either Eq. 3.9 or 3.10). 

The effectiveness of the reaction steps is largely determined by the bonding of H2O, OH, and H to the 
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catalyst's surface [81]. In pH-neutral electrolytes, the HER process involves a two-step reduction process, 

whereas, in strongly acidic or alkaline electrolytes, the reduction occurs in a single step with H3O
+ ions 

or H2O molecules, respectively [94]. Figure 3.4 illustrates that H3O
+ ions are the main reactants involved 

in the initial reduction phase of the HER process. This occurs at low cathodic overpotentials, and as the 

overpotential increases, the HER process becomes diffusion-controlled [95] exhibiting constant current. 

Only at higher overpotentials does the second reduction phase take place, during which the principal 

reactants in HER change from H3O
+ ions to H2O molecules, leading to a steady rise in reduction current 

[93]. For instance, the HER electrocatalytic performance of Pt in the pH range of 5 to 9 does not align 

with the predicted shift in thermodynamic potential (i.e., -59 mV/pH) [96]. Initially, Conway et al. [97] 

found that the reactant changes from hydronium ion to water at a pH nearly > 5. Subsequently, the 

Mayrhofer group [98] studied how mass transport affects pH changes at the electrode-electrolyte 

interface and found that even at reasonable reaction rates, the pH of unbuffered or inadequately buffered 

electrolytes at the vicinity of the electrode surfaces differs substantially from bulk electrolytes, especially 

when the bulk electrolyte pH is between 4 and 10.  

Furthermore, Takanabe's research team uncovered that the HER processes in near pH-neutral solutions 

are influenced by the nature of the reactants, the state of the electrolytes (buffered or unbuffered), and 

their concentrations [82], [95], [96]. They investigated the relationship between HER and pH using 

various unbuffered 0.5 M Na2SO4 solutions and found that HER activity is based on the activity of H3O
+ 

ions rather than the kind of supporting electrolyte. Depending on theoretical diffusion-limited current 

density, the authors categorized HER activity into three pH regions: acidic (1-5), neutral (5-9), and 

alkaline (9-13) [96]. The neutral region was found to have insufficient H3O
+ ions, limiting HER activity. 

The supply of H3O
+ ions can be made consistent by buffered electrolytes, which helps overcome the 

limited H3O
+ ion availability near electrode surfaces [95]. Moreover, research on electrocatalysts using 

buffers to maintain neutral pH and ionic salts for high solution conductivity has shown that buffers can 

enhance HER activity, possibly by serving as a proton donor [99]. The HER activity in pH-neutral and 

alkaline conditions is significantly different, even though they are both thought to be influenced by the 

RDS of water-dissociation. Some studies suggest that the HER activity is better in neutral electrolytes, 

while others claim the opposite. The mechanisms for HER in pH-neutral solutions remain highly debated, 

as described in several representative studies [93]. Conway et al. proposed that the weakly bonded HOPD 

species, rather than strongly bonded HUPD ones, are reaction intermediate in HER, and higher HOPD on 

the surface of Pt leads to better HER activity [97], [100]. They found that in alkaline solutions, as opposed 

to acidic ones, the surface coverage of HOPD is significantly lower, making the Volmer step the RDS and 

slowing the reaction rate in the alkaline media. 

Yan and colleagues proposed that HBE can serve as the sole factor to account for the gradual reduction 

in HER activity observed across PGM catalysts in different buffer electrolytes with a pH ranging from 0 

to 13 [78], [86]. According to them, HBE is larger in higher pH electrolytes, resulting in intermediate 

HER kinetics in neutral electrolytes. Additionally, they recommended OH- can tune the HBE and affect 

HER activity. Shao et al. [101] conducted a study using surface-enhanced infrared absorption 

spectroscopy and found that the HBE of Pt catalysts is influenced by the modified electric field, Hads 

coverage, Pt-H2O, as well as Hads-H2O interactions, leading to a weakened HBE with increased pH levels; 

this can cause slower reaction kinetics and lower HER activity in high pH environments. However, the 

HBE descriptor is not sufficient to explain the HER catalytic behaviors on well-defined Pt(111) surfaces 

[90]. According to Marković and Koper, the HER catalytic behavior on such surfaces is also determined 

by the presence of adsorbed hydroxyl molecules [19], [79], [90]. They suggest that the activity of HER 
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in alkaline solutions can be enhanced by carefully balancing the rate of H adsorption and OH desorption. 

Despite debates over the precise mechanisms involved, the combination of Ni(OH)2 (for the strongest 

OHads bond strength) with Pt (for optimal Hads adsorption free energy, ΔadsGH) has been found to 

significantly enhance the activity of the HER in alkaline electrolytes. This bi-functional tuning approach 

has also been favorably applied to pH-neutral solutions, suggesting that it is a viable method for speeding 

the kinetics of HER in pH-neutral solutions [93], [102]. Recent studies have concentrated on the 

development of composite catalysts to reduce the use of expensive PGMs in acidic or alkaline electrolytes 

for efficient HER. However, only a few studies have explored their use in neutral electrolytes, which 

goes against the goal of developing cost-effective large-scale H2 production [93].  

  
Figure 3.4 The pH-dependent polarization curves obtained by cyclic voltammetry (rotation speed: 1600 

rpm; potential scan rate: 10 mV s-1) in H2-saturated, unbuffered electrolytes of bulk pH = 1 (□), 4 (▽), 7 

(O), 10 (Δ) and 13 (◊) [98].  

3.1.6. Supported HER catalysts (in acidic and alkaline media) 

3.1.6.1. The effect of interfacial processes on the HER  

As stated earlier, the HER/HOR catalytic activity of Pt in acidic media is exceptionally high, and a 

minimal quantity of the catalyst is needed for the reactions to take place [76], [85], [103]. Conversely, it 

has long been known that the HER/HOR kinetics on Pt is considerably slower in alkaline media than in 

acidic media [104], [105]. Moreover, unlike in acidic media, the Tafel slope obtained for Pt electrodes 

in alkaline solutions is around 120 mV dec-1, signifying that the Volmer or the Heyrovsky step is the 

RDS [41]. In accordance with the Sabatier principle [69], [106], mechanistic investigation on the HER 

[18], [78], [103], [107], [108] have historically linked reaction rates to thermodynamic descriptors, 

predominantly the H binding strength of the metal electrodes. Using carbon-supported Pd, Pt, and Ir 

electrodes, Durst et al. demonstrated that the HER/HOR j0 of the electrodes decreased by a similar factor 

while going from low (pH = 0) to high (pH = 13). Similar research on the pH dependence of HBE and 

HER/HOR activities on Ir/C, Pt/C, Rh/C, and Pd/C in various buffer solutions (pH from 0 to 13) [63] 

revealed a universal correlation between log (jo) and HBE demonstrating that HBE is the primary 

descriptor for HER/HOR activities and that the catalysts may share the same fundamental steps and 

RDSs. While investigating polycrystalline Pt disk electrodes at various pH levels, Sheng et al. revealed 

that the HER/HOR activity of Pt is shown to decline with pH, while the HBE linearly increases with the 

pH [78]. The basis of the pH-dependent HER/HOR kinetics has been hypothesized to be a pH-dependent 

HBE [76], [78]. The evidence for such a pH-dependent HBE has particularly been gathered from the pH-

dependent changes of the voltammetric peaks in the polycrystalline Pt hydrogen region (i.e., HUPD 

region). Yet, the molecular-scale origin of the pH-dependent HBE has continued to be elusive, and Koper 

et al. claim that the characteristics of the "hydrogen" peaks on polycrystalline Pt are also more likely to 
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be influenced by the adsorption of oxygenated species than by the adsorption of hydrogen alone and thus 

their peak potentials cannot be explicitly used to represent HBE. Moreover, the HUPD on a Pt(111) 

electrode does not change significantly with pH, yet the HER/HOR kinetics still exhibit a very strong pH 

dependence.  

Marković et al. [81] proposed that in addition to the H adsorption energy, the type of proton source (H3O
+ 

or H2O) and the presence of spectator species are important in understanding the role of pH in the 

HER/HOR. They suggested that in alkaline environments, HER/HOR require different types of sites for 

Hads and OHads, and the presence of OHads can affect the kinetics by rivaling for the same surface sites 

(blocking effect) or modifying adsorption energy (energetic effect) of the active intermediates [79], [81]. 

They also found that the isosteric heat of adsorption for OHads on Pt(111) surfaces is pH-independent, 

indicating that the pH-sensitive barrier to water dissociation limits the effectiveness of HER in alkaline 

conditions [89]. 

Alloying Pt with water dissociation promoters such as Ni and Ru is a popular technique to enhance the 

alkaline HER activities [3] [80]. Through the process of alloying, the HER activity of Pt is enhanced, a 

phenomenon that was previously explained by the higher oxophilicity of Ru and Ni toward stronger OH 

adsorption [86]. In such a case, a bi-functional mechanism was suggested to elucidate the enhancing 

effect of Ru on the activity of Pt, according to which the OH adsorption takes place on Ru and H 

adsorption on Pt [65]. However, it was later revealed that the weakening of the Pt-Hads interaction in the 

presence of Ru is primarily responsible for the greater activity of PtRu systems [116]. Thus, an optimized 

HBE is believed to play a key role in HER/HOR activity, while the impact of OHads is less significant 

[109]. Selective positioning of Cu atomic layers on Pt(111) surfaces has been shown to accelerate HER 

in acidic media, resulting in a 2-fold increase in activity. This was explained by a structure-sensitive H 

adsorption on Pt- and Cu-modified Pt surfaces [110]. 

Moreover, the HER performance on Pt(111) in alkaline conditions is enhanced with the presence of 

oxophilic entities such as Pt-islands and transition metal oxy-hydroxides like Ni(OH)2. This improvement 

is attributed to the dissociation of water molecules [111]. Likewise, Markovic et al. suggested that low-

coordinated metal sites on the surface of PGMs accelerate the water dissociation step [19], [79], [81]. 

Decorating the Pt surface with Ni(OH)2 creates additional active sites for strong OHads adsorption, 

facilitating the rearrangement of H2O molecules and promoting OH- transfer [19], [90]. Although the 

higher activation barrier for the Volmer step is thought to be the cause for the slower HER rate under 

alkaline conditions, the microscopic picture is still unclear. The slower HER rate in alkaline conditions 

is attributed to factors like slower OH- transport, stronger O-H bond in water compared to H3O
+, and the 

surface's ability to adsorb hydrogen. To explore this further, Markovic and Koper, among others, 

separately constructed a model of a Pt(111) surface using 3d metal hydroxide nanoclusters [18], [90] and 

observed a synergistic effect where Ni(OH)2 clusters facilitated water dissociation, leading to the OH 

adsorption on Ni(OH)2 and H adsorption on the adjacent Pt surfaces (Figure 3.5). In alkaline electrolytes, 

the Tafel slope of unmodified Pt(111) aligned with the estimated Volmer step, illustrating that the Volmer 

step is the RDS on Pt(111). However, on Ni(OH)2/Pt(111), the Tafel slope reduced to 41 mV dec-1, 

suggesting a transition to the Heyrovsky step as the RDS. By modeling water dissociation and H-

adsorption processes at the interface of the Ni(OH)2/Pt(111)/H2O, the synergistic effect was verified 

theoretically. Furthermore, Koper et al. provided experimental evidence challenging the notion that the 

HBE alone serves as the sole descriptor for the HER kinetics on the Pt(111)-Ni(OH)2 system [111].  
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Figure 3.5 Schematic illustration of the synergistic effect of Ni(OH)2 and Pt (represented by M) for 

improved HER in alkaline environments [111]  

For additional clarification on the nature of such synergistic enhancements, Marković et al. [18], [79] 

conducted a study combining Pt(111) with different oxophilic 3d metal hydroxides. They found that each 

catalyst had similar Hads capabilities but varying abilities for OH adsorption. The HER activity followed 

a volcano-like pattern, with the Pt(111)-Ni(OH)2 catalyst having the weakest OH interaction, exhibiting 

the highest activity, around seven times greater than bare Pt(111) in alkaline KOH solution. This suggests 

that the kinetics of HER depend on both the rate of H adsorption and the rate of OH desorption, and a 

balance is needed between the transition state energies for water dissociation and the final state energetics 

of Hads/OHads. Therefore, it is anticipated that the transport of OH- ions from the catalyst surface into the 

electrolyte and the cleavage of the O−H bond in water are integral parts of the RDS in this bi-functional 

process occurring in alkaline electrolytes [19], [65].  

The HER activity of Cu, Ag, Au, Ru, Ir, Pt, V, Ti, and Ni modified by Ni(OH)2 was investigated by the 

Marković group [81], aiming to minimize the impact of water activation and splitting energetics. The 

findings revealed that all Ni(OH)2/M surfaces exhibited significantly higher activity compared to their 

respective bare electrodes. Additionally, similar trends in HER activity were observed for the Ni(OH)2/M 

catalysts in both alkaline and acidic solutions. Moreover, there was no noticeable variation in activity 

between Ni(OH)2/Pt and Ni(OH)2/Ir, showing that the HER is nearly entirely regulated by a comparable 

H adsorption energy on these two surfaces, just like in an acid solution. Ni(OH)2 was therefore expected 

to promote the water dissociation step in both Pt-group and IB-group metals while the Hads recombination 

step occurs on the nearby oxide/metal interfaces.  

Moreover, the presence of Li+ cations in the electrolyte was found to have a greater impact on the HER 

when surface oxophilic groups are present, surpassing the benefits of surface decoration with M(OH)2 

[111]. This highlighted the importance of "spectator" species in the electrolyte and stimulated further 

research [80]. The HER performance of Pt and PtNi was studied in relation to alkali metal (AM) 

concentration and pH, revealing that the nature of the cation affects the HER kinetics, with Li+ having 

the most significant effect [112]. This can be attributed to the reduced destabilization of OHads, promoting 

interfacial oxophilicity and facilitating water dissociation. The presence of cations can be explained by 

the formation of an OHads-(H2O)-AM+ adduct, where the cation facilitates the removal of OHads from the 

adduct and its transport out of the double-layer. This effect is expected to be more pronounced with more 

acidic cations, which explains the greater HER activity observed with smaller alkali cations [65].  

Trasatti's research, conducted around 50 years ago, suggested that the orientation of H2O molecules at 

the interface could potentially account for variations in activity observed across various metallic surfaces. 

Although experimentally assessing these effects is challenging, investigating the water structure and 
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dynamics at the electrode-electrolyte interface is crucial to comprehend the underlying mechanisms of 

interfacial interactions and their impact on HER activity. Ultrahigh vacuum (UHV) and DFT calculations 

have shown that interfacial water does not significantly affect HUPD energetics, but it is expected to 

significantly influence alkali cations and OH adsorption [113].  

Hydrogen spillover, a well-established phenomenon [114], [115] is another important interfacial process 

for the electrocatalytic process [24], [25] and hydrogen storage [116]. Its impact on the HER has been 

extensively investigated. Recent studies have demonstrated that hydrogen spillover can significantly 

enhance the HER performance of Pt and Pt-alloy catalysts, particularly in alkaline environments [24], 

[25].  

3.1.6.2. The effect of support/substrate on the HER activity  

Developing affordable and efficient electrocatalysts is crucial for facilitating HER/HOR under 

fundamental conditions. However, the main challenges lie in the high cost and slower catalytic kinetics 

of PGM catalysts in alkaline electrolytes compared to acid electrolytes [117]. One strategy to enhance 

catalytic activity and stability is to support metal catalyst NPs on various materials. Carbon-based and 

carbon-free catalyst support materials are actively researched, aiming for corrosion resistance, high 

electrical conductivity, and favorable interactions with catalysts. The ideal support material should also 

exhibit stability in different electrochemical conditions, have a large surface area for effective NP 

dispersion, and be cost-effective due to the already high cost of noble metals [20], [118].  

The most well-known non-carbon support materials are transition metal oxides (TMO) which stand out 

for their propensity to maintain stability in electrochemical conditions [20], [118], [119]. Oxide-

supported metal catalysts (M/TMO) are found to have increased electrocatalytic performance for 

HER/HOR, which is explained by several factors, such as the support effect, the bicomponent active site 

effect, and the chimney effect. In the case of the support effect, effective sites for the adsorption and 

desorption of H are provided by the TMO support, which boosts the stability and electronic structure of 

the catalyst. When it comes to the bicomponent effect, the bicomponent system can speed up the Hads 

recombination after the catalyst (active site), which has a moderate HBE, is connected to the TMO 

component, which can promote H2O dissociation or OH adsorption. In the case of the chimney effect, 

smooth adsorption of Hads and facile desorption of H2 from the catalyst surface is made possible by the 

favorable chemical environment of the M/TMO interface, which is resistant to the adsorption of OH and 

H2O. These positive outcomes highlight the critical idea that the M-TMO interaction can modify the 

interfacial catalyst electronic structure, which in turn affects the H adsorption/desorption [117]. 

Moreover, supported metal nanostructures may reorganize to offer new active sites under specific 

reaction conditions, e.g., promoting the HER/HOR [117], [120].  

Popular oxide materials used in fuel cells and water-splitting technology include titanium dioxide (TiO2), 

which is known for its availability and high electrochemical stability [20]. Transition metal carbides, 

such as tungsten carbide (WC), are also promising catalyst support materials due to their stability in 

acidic conditions, higher conductivity, resistance to poisoning, and strong interactions with noble metal 

catalysts [121]. For instance, using WC hollow spheres as a support for Pt NPs demonstrated significant 

improvements in kinetic parameters and HER activity compared to commercially available Pt/C 

catalysts. These enhancements are attributed to the higher number of active sites, high specific surface 

area, and strong attachment of Pt NPs facilitated by the hollow and cracked microstructure of the catalyst 

[122]. Electrocatalyst supports are essential for stabilizing catalytic metal atoms and regulating their 

reactivity via electron transfer. Particularly, there are strong interactions between late transition metal 

(oxide) catalysts and layered supports of early transition metals. The performance of these catalysts is 
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influenced by various factors such as NP size and shape, the composition of the oxide support, and the 

degree of support reduction [63].  

Among the various carbon-based supports, carbon black is one of the earliest and most popular carbon-

based supports used in fuel cells due to its affordability, wide availability, and good mesoporous 

distribution. Nevertheless, carbon black does have certain limitations, including inadequate 

electrochemical stability and the requirement for activation. Therefore, researchers have focused on 

modifying and functionalizing carbon-based supports and exploring alternative support materials for 

water splitting [32]. Several complex carbonaceous materials have been developed recently to improve 

stability, electrical conductivity, and surface area [119]. Hallow graphite spheres have excellent catalyst 

support properties because they can confine the catalysts inside them, increasing their stability. 

Moreover, carbon nanofibers significantly increase the catalysts' stability while promoting catalysis [20]. 

Similarly, because of their graphitic structure, which makes them more corrosion-resistant, carbon 

nanotubes are significantly more stable catalyst supports than standard carbon. Furthermore, their high 

surface area and electrical conductivity make them better catalytic supports [119]. Ordered and 

disordered mesoporous carbons are additional examples of carbonaceous supports with enhanced 

characteristics [20], [119], [123]. Graphitic materials, particularly those based on graphene, are known 

to have inferior HER catalytic properties [24]. Nevertheless, graphene holds great potential as a catalyst 

support material owing to its remarkable attributes, such as its large surface area, stability, and higher 

conductivity [20], [21]. Several studies show that graphene can promote the proper dispersion of catalytic 

particles and actively participate in the HER electrocatalytic reaction, resulting in increased catalytic 

activity [21]–[23].  

Qiu et al. [124] used single-atom Ni dopants fastened to 3D nanoporous graphene to examine the HER 

in acidic solutions. The HER catalytic activity of this composite was found to be superior to that of 

graphene and traditional Ni-based catalysts with a low overpotential (⁓ 50 mV), low Tafel slope (45 mV 

dec-1) along with superior cycling stability in 0.5M H2SO4 solution. Deng et al. studied NiCo NPs 

enclosed in ultrathin graphene shells (only 1–3 layers) and observed exceptional HER electrocatalytic 

performance. Through DFT simulations, the authors proposed that the exceptional performance stems 

from electron transfer between the CoNi core and the graphene surface, affecting the electron density 

and electronic potential distribution. Additionally, when the graphene structure was doped with N atoms, 

the authors observed a significant increase in the electron density within graphene shells, which caused 

a shift in the energy of Hads and further improved the HER electrocatalytic performance [125]. Zhang et 

al. [126] have studied the HER and methanol oxidation reaction on graphene-supported Pt NPs and 

observed enhanced activity with lower overpotential, lower Tafel slope, and greater stability. These 

enhancements were attributed to the synergistic effects between the Pt NPs and graphene support.  

The performance of Pt-Pd alloys supported on r(GO) was investigated by Lin et al. [134]. These alloys 

displayed outstanding electrocatalytic activity and satisfactory stability for HER and ORR in both acidic 

and alkaline electrolytes. Compared to the commercially available Pd/C and Pt/C catalysts, the rGO-

supported Pt-Pd alloys demonstrated superior performance. Chanda et al. have used a straightforward 

electrochemical procedure to prepare rGO from GO on a Ni foam electrode and discovered that the rGO-

modified Ni has novel HER catalytic activity in alkaline environments that outperformed the Pt/C 

catalyst under similar conditions. The authors complemented the experimental measurements with 

theoretical DFT calculations. They concluded that H atoms generated by H2O discharge on Ni spillover 

the rGO, serving as acceptors for H adatoms. This mechanism facilitates an ongoing cleaning of active 

sites on Ni and provides an alternative route for H2 generation [23].  
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Moreover, Gutić et al. [21] developed a simple method to prepare Ni@rGO catalysts for the HER. They 

have prepared a series of Ni@rGO catalysts by electrochemically reducing a GO film while also 

depositing Ni on its surface. The composites exhibited improved electrocatalytic activity compared to 

pure Ni electrodes. The deposition time significantly influenced the HER activity, with the deposit 

obtained at 100 s deposition time (Ni@rGO100) showing the best performance. The authors also 

synthesized Ni-Mo alloys supported on rGO (NiMo@rGO), which displayed higher HER activity than 

bare NiMo composites and the previously mentioned Ni@rGO electrodes. The contribution of rGO in 

enhancing catalytic performance depended on deposition time, with NiMo@rGO200 being the most active 

[22]. The authors proposed that HER activity of the composite is provided by the formation of the Ni-

Mo system and the formation of an interfacial region with rGO. 

3.1.6.3. The effect of hydrogen spillover in electrocatalytic processes  

In 1964, Khoobiar observed that when WO3 was exposed to a Pt catalyst (supported on Al2O3), WO3 

underwent reduction by H2 gas to form blue WO3-x. The change in color was attributed to the 

chemisorptive dissociation of H2 molecules on the surface of Pt, which then migrated to the WO3 

particles, causing their reduction to blue WO3-x particles. The term "spillover" was later conceived by 

Boudart et al. [127] to describe the migration of H atoms from the metal particles to the substrate. This 

phenomenon involves the spillover of H atoms from surfaces with a high concentration to surfaces with 

a low concentration of hydrogen. In 1971, Pajonk and Teichner discovered that after being exposed to 

hydrogen for a long time at a high temperature, pure supports (such as Al2O3 or SiO2) could hydrogenate 

ethene and benzene. This process occurred through indirect contact with metal particles on the supported 

catalyst, and it was attributed to the spillover of hydrogen species [25], [128]. The discovery of H 

spillover on a Pt/WO3 catalyst in 1964 has sparked ongoing interest and extensive research. It has resulted 

in notable advancements in hydrogen storage and catalysis applications [129], [130]. As shown in Figure 

3.6, there has been a significant advancement in understanding, characterizing, and utilizing the 

phenomenon of hydrogen spillover [128].  

Spillover refers to the migration of active species from one surface to another surface that does not adsorb 

or form active species. In the context of hydrogen, it involves the production of H atoms on a catalyst 

surface, which then migrate to the support surface. The process consists of three steps: dissociation of 

gaseous hydrogen molecules on the catalyst, migration of H atoms to the support, and diffusion of H 

atoms onto substrate surfaces [25]. Hydrogen adsorption typically starts on metals with strong M-H 

bonds and can travel via surface diffusion to a substrate with weaker M-H binding. Eventually, the weak 

M-H bond is broken, forming H2 molecules that escape the electrode surface [50]. Tsao et al. [131] used 

the inelastic neutron scattering (INS) technique to verify a spillover mechanism involving hydrogen 

dissociation, diffusion, and adsorption in a Pt-activated carbon structure.  

 

Figure 3.6 Historical development of hydrogen spillover [128]  
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Karim et al. [24] examined the hydrogen spillover from Pt NPs to metal oxide surfaces. They arranged 

multiple pairs of iron oxide and Pt NPs on reducible (TiO2) and non-reducible (Al2O3) supports, varying 

the distance between the pairs. Using in-situ X-ray absorption spectro-microscopy, they quantified the 

reduction of Fe2O3 particles through hydrogen atoms produced on Pt. Experimental and DFT calculation 

results revealed that hydrogen spillover onto non-reducible Al2O3 is significantly slower compared to 

reducible TiO2, with a difference of 10 orders of magnitude. Furthermore, the spillover on Al2O3 is 

limited to short distances from the Pt metal particles. Additionally, Prins et al. verified that H spillover 

is energetically implausible on non-reducible support, as indicated by the lack of hydrogen-deuterium 

(H-D) exchange on the OH groups of such supports [25]. While the transfer of hydrogen from metal 

catalyst sites to defect-free carbon supports is energetically unfavorable, it has been theoretically and 

experimentally confirmed that this process can occur in carbon supports with defects [132].  

Shen et al. [128] published findings indicating that H2 molecules undergo dissociation into individual H 

atoms on transition metal (TM) NPs. Subsequently, these H atoms migrate to the surface of graphene by 

forming bonds with carbon atoms (C-H bonds). Tsao et al. [131] used INS to directly observe the 

behavior of molecular H2 in a Pt-doped activated carbon system, providing evidence that H atoms can 

diffuse to the carbon surface during the spillover process. In addition, investigations utilizing INS have 

shown that H atoms generated on Pt or Pd surfaces have the potential to diffuse to unsaturated reaction 

sites on carbon supports, particularly at irregular boundaries or edges, where they form C-H bonds [25], 

[128]. Konda et al. [130] observed H spillover from a Pd catalyst to activated carbon fibers, resulting in 

the formation of new C-H bonds. Yoo et al. [133] also confirmed the presence of C-H bonds in defective 

carbon nanotubes doped with Pd NPs, validating the spillover of atomic hydrogen species onto the carbon 

support. DFT studies indicate that H spillover can potentially take place via the transfer of protons and 

electron pairs at the surface [128]. 

As discussed in the previous Section, according to Chanda et al. [23], the rGO-modified Ni foam 

electrode has novel HER catalytic activity in an alkaline medium that outperforms the Pt/C catalyst under 

similar conditions. Experimental measurements complemented with theoretical DFT calculations lead 

the authors to conclude that H atoms, generated by H2O discharge on Ni, spill over the rGO, which acts 

as an H adatom acceptor allowing for continuous cleaning of Ni-active sites and acting as an alternative 

route for H2 generation. Similarly, the significant catalytic activity improvement of Ni electrodeposited 

on rGO [21] and Ni-Mo alloys supported on rGO [22] was explained to be caused by the spillover of 

adsorbed H atoms onto the r(GO) substrate.  

Zhou et al. [134] conducted a study investigating binary HER electrocatalysts' hydrogen spillover 

behavior. They focused on the difference in work function (ΔΦ) between the catalyst and support, which 

is an essential criterion for designing such catalysts [135]. The researchers prepared multiple samples 

loaded with Pt and observed their H spillover behavior in detail. Using theoretical simulations and 

experimental data, the authors found that the extent of H spillover, and thus the HER activity, increased 

in the order selenides < sulfides < oxides < phosphides, which is opposed to the trend in ΔΦ between Pt 

and supports. The highest H spillover occurred on Pt-CoP, with the lowest ΔΦ between the catalyst and 

the supports. The authors proposed that the interfacial charge density can be diluted by the smaller ΔΦ, 

weakening H adsorption at the interface and promoting H adsorption on Pt metal. After Pt loading, as 

the result of efficient H migration from Pt to CoP, the Tafel slope for CoP, with the least ΔΦ, reduced 

drastically by 3.6 times. At the same time, the overpotential at 10 mA cm−2 decreased to 53 mV from 

242 mV. Fu et al. [136] have discovered a way to enhance hydrogen production efficiency using a 

hybridized electrocatalyst made of Ni3S2 and Cr2S3. They found that the spillover of adsorbed H atoms 

at the interface of Ni3S2/Cr2S3 helps promote essential chemical processes and mitigate the inhibitory 

effect caused by high Hads coverage resulting from high current density. The authors used experimental 

and theoretical approaches to identify the key mechanisms responsible for the improved performance of 
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the electrocatalyst. As a result, the hybrid electrocatalyst achieved a high current density of 3.5 A cm-2 

at an overpotential of 251±3 mV in a KOH electrolyte solution.    

Hydrogen spillover is significantly influenced by metal and support; metal affects hydrogen dissociation 

and diffusion, while support impacts spillover distance. Various spillover mechanisms can be enabled by 

adjusting metal-support interactions based on elements such as metal and support type, cluster size and 

shape, and support polymorphism. This helps in constructing catalytic reactions and improving their 

effectiveness. Yet several characterization techniques are required to comprehend the dynamic behavior 

of the hydrogen spillover effect [128]. 

3.1.7. Trends in HER and the Volcano plots  

Electrocatalysis involves analyzing the impact of different material properties on reaction rates to 

establish trends and link material properties to reaction rates through catalytic descriptors. The adsorption 

energies of intermediates are commonly used as catalytic descriptors due to their relation to the exchange 

current density (j0) [137]. As mentioned in Section 3.1, in the late 1950s, Parsons predicted a qualitative 

relationship between HER j0 and the free energy of hydrogen adsorption (ΔadGH), which resembles a 

Volcano curve where the maximum HER activity occurs when ΔadGH ≈ 0 eV [48]. Later in 1972, Trasatti 

introduced a "volcano" curve that depicts the correlation between the log|j0| and the energy of hydride 

formation (EM-H). The curve utilized EM-H instead of Eads(H) because the latter data was not accessible 

during that period. Trasatti's volcano plot (Figure 3.1a) suggests that PGMs are the most effective 

materials for HER, Pt being the most efficient, followed by Re, Rh, Pd, and Ir, which are located towards 

the top of the curve but not at its highest point. The plot also indicates that metals with stronger or weaker 

hydrogen binding strength are on either side of the curve. The weakly binding branch of the “volcano” 

contained sp-metals with considerably weaker binding compared to noble metals. In contrast, positioned 

between the noble metals and sp-metals are the triad of iron and coinage metals (Au, Cu, Ni, Co, and 

Fe). This group of metals has weak hydrogen adsorption strength, leading to slow coverage of the active 

surface. The other group of metals, including W, Mo, Nb, Ti, and Ta, are usually coated with a thick 

layer of oxides that strongly adsorb hydrogen, resulting in lower catalytic activity.  

Surface rate modeling, similar to what Parsons used, and DFT calculations of atom-specific free energies 

have enabled the development of HER volcanoes that show the relationship between M-H bonding and 

HER activity for both metals and metal alloys [138]. In contrast to Trasatti’s volcano plot, contemporary 

volcano plots rely on DFT-derived adsorption energies, as EM-H trends used by Trasatti do not 

consistently conform to Eads(H) trends [17]. Nørskov et al. have developed the modern HER volcano plot 

in acidic solutions [49], where theoretically computed HBEs were correlated with HER j0 (data from 

literature). According to Nørskov’s volcano plot, shown in Figure 3.1b, it can be inferred that Pt is a 

superior electrocatalyst for HER compared to other metals. This is mainly because the HER is thermo-

neutral on Pt at the equilibrium potential. The position of some metals such as Ag, Au, and W in the 

modern volcano plot (Figure. 3.b and c) are not the same as that of Trasatti’s volcano plot (Figure 3.1a) 

because the trends in EM-H do not follow the same trend as that of the Eads(H). More recently, Sheng et 

al. have shown that the j0 for the HER in alkaline solutions can be linked to the calculated HBE on various 

monometallic surfaces through a volcano-type relationship (Figure. 3.5c) [15]. The HER activity exhibits 

significant variations across the plot, with Pt being at the highest peak and W and Ag situated at the base 

of each side of the plot, consistent with the findings in acidic solutions (Figure 3.1a and b) [13], [49]. 

The volcano plot reveals that metals with strong HBEs, such as Ni, W, Fe, Co, and Pd, are located on the 

left side of the curve, while metals with weaker HBEs, such as Cu, Ag, and Au, are on the right side.  

The effect of pH on the volcano plots in acidic and alkaline solutions can be explained by the lower HER 

activity of the metals in alkaline media than in acidic media [20]. Thus the peak of the plot is shifted to 

lower j0 or to higher overpotential (for specific current) values. Moreover, the volcano plots of the HER, 
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which show the correlation between the activity of the HER and the experimentally determined HBE for 

Pt in pH-buffered electrolytes, offer compelling evidence that HBE is the only factor determining the 

HER activity on the surfaces of monometallic elements, particularly Pt, in alkaline conditions [78].  

Moreover, Greeley et al. [139] demonstrated the applicability of HER volcano plots for bimetallic 

systems. Using theoretical approaches, they investigated the HER on pseudomorphic Pd overlayers on 

different single-crystal transition metal substrates. By correlating experimental j0 values with theoretical 

ΔadsGH, a volcano-type relationship was observed (Figure 3.7). The study revealed significant variations 

in HER activity among the systems attributed to differences in the electronic structure of the Pd overlayer. 

Being positioned at the peak of the volcano plot, Pd*/PtRu alloy is theoretically identified as the most 

active catalyst for the HER. However, it exhibits lower activity in experimental calculations. This 

discrepancy can be attributed to limitations in mass transfer, resulting in lower measured rates.   

 

 

Figure 3.7 Hydrogen evolution j0 as a function of the theoretical differential free energy of hydrogen 

adsorption, ΔadsGH. The theoretical j0, as predicted by the model, is represented by the dashed line, while 

the predictions for specific overlayers are shown as black diamonds. The experimental measurements are 

depicted as black circles. Pd*/X denotes a pure overlayer of Pd on a substrate of metal X [139]. 

Danilovic et al. [140] conducted a study comparing the HER activities of various metals in acidic and 

alkaline environments. They plotted the activities of coinage metals (Au, Cu, Ag), PGMs (Pt, Ir, Ru), 

and a valve metal (Ti) against HBE. In acidic media, Pt and Ir showed the highest activity, while metals 

that either bind hydrogen too weakly (Ag) or too strongly (Ti) are on each side of the volcano plot (Figure 

3.8a). In alkaline media, the HER exhibited a volcano-like behavior (Figure 3.8b), with lower 

overpotentials required for 5 mA cm-2 compared to acidic solutions. Additionally, Ir showed greater 

activity than Pt in alkaline solutions, suggesting differences in the reaction mechanism at different pH 

levels. Moreover, the activity trend of coinage metals in an alkaline solution (Ag < Au < Cu) was found 

to differ from that in an acidic solution (Au < Cu < Ag) [84].  
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                                                      a)                                                   b)                                       

Figure 3.8 Volcano plots, measured a) in 0.1 M HClO4 (pH 1), b) in 0.1 M KOH (pH 13), of a variety of 

metals indicating their HER activity, overpotential (η) at 5 mA cm-2, as a function of their calculated 

HBE [140].  

Durst et al. [74] investigated the HER/HOR processes on PGM electrodes in acidic and alkaline 

environments. They found that the activity dropped by two orders of magnitude when moving from acidic 

to alkaline conditions on electrodes that can form a HUPD layer, such as Pt, Ir, Pd, and Rh. The authors 

constructed HER/HOR volcano plot with the activities measured in acid electrolytes, using the H2-pump 

proton exchange membrane fuel cell (PEMFC) method on carbon-supported Pt, Ir, Pd, and Rh NPs, and 

using the RDE method for Pt, Pd, Rh, Ir, Mo, Cu, Ni, Au and Ag extended surfaces (by taking data from 

ref. [13], [49]). The study's outcomes indicated that the activities of Pt, Ir, and Rh surfaces could be 

enhanced using the H2-pump PEMFC method. By decreasing mass transport resistance, this method 

enabled the measurement of the true kinetics of the HER/HOR. The experimental activities obtained 

using this method perfectly matched the predicted Volcano trend (Figure 3.9a). The authors proposed 

that the HER/HOR Volcano plots for acid electrolytes be constructed utilizing the activities of Pt, Ir, and 

Rh surfaces that they had obtained using the H2-pump arrangement, which allowed them to estimate the 

genuine HER/HOR kinetics with suitably low mass transport resistances.  

 

Moreover, the authors have compared the activities of the metals measured in both acid and base (Figure 

3.9b). The activities of Pt, Ir, and Pd were investigated by H2-pump PEMFC in acidic media, and the 

activities of Ni, Cu, Au, and Ag in alkaline media (obtained by RDE measurements) were taken from 

Sheng et al. [15]. As compared to non-noble metal electrodes (Ni, Cu, Au, and Ag), or those that do not 

generate an HUPD layer, the HER/HOR activity of noble metal electrodes (Pt, Ir, and Pd) appears to be 

more affected by electrolyte pH, and this was evident in their volcano plots (Figure 3.8b) [74].  

 

 

 



35 

 

 

Figure 3.9 HER/HOR volcano plot computing the H adsorption energies as a function of the surface 

normalized HER/HOR j0 measured in (A) acid and (B) in both acid (black triangles) and alkaline (grey 

triangles) electrolytes. Activities in acid were obtained from H2-pump PEMFC measurements on carbon-

supported Ir, Pt, Rh, and Pd nanoparticles (open triangles, recalculated for T = 293 K using the 

corresponding activation energy) and from RDE measurements for Pt, Ir, Pd, Rh, Ni, Cu, Au and Ag 

surfaces (data taken from Trasatti et al. and Nørskov et al. [13], [141], closed triangles). Activity data in 

the base were taken from Sheng et al. [15] and determined by RDE measurements for Cu, Ni, Au, and 

Ag. 

3.1.8. Criticism of volcano plots 

Several attempts were made to find correlations between electrode properties (such as work function, 

latent heat of melting, the presence of unoccupied d orbitals, etc.) and the reaction rate of the HER [142], 

but with limited success. The sole correlation that remains intact is the volcano plot, which relates the 

reaction rate to the Eads(H) on the electrode. This concept is based on the Sabatier principle, a fundamental 

idea in gas-phase heterogeneous catalysis. The first volcano plot (Figure 3.10a) was compiled by Trassati 

in 1972, as described in Section 3.1 and Section 3.1.7. Since reliable adsorption energy values were 

unavailable at the time, Trassati used the energy for hydride formation (EM-H) to construct the volcano 

plot. The Volmer reaction exhibits unfavorable energetics for high adsorption energies (low EM−H). As 

the adsorption energy decreases (EM−H increases), the reaction rate increases, reaching its optimum near 

ΔadsGH = 0. As the adsorption energy becomes increasingly negative, the Volmer reaction rate continues 

to rise. However, in the subsequent step, the energy of the initial state progressively decreases. This 

means that a stronger adsorption bond must be broken in either the Heyrovsky or Tafel step to continue 

the reaction. As a result, the second step becomes slower and ultimately limits the overall rate of the 

reaction [143].  

The experimental evidence suggests that the relationship between the energy of adsorption (EM−H) and 

the rate of the HER is not straightforward. While the rate initially increases with increasing EM−H, there 

is also a descending branch. However, Schmickler et al. [17] pointed out that under electrochemical 

conditions, all metals on this branch are coated by an oxide film, obstructing the reaction. If we exclude 

the metals coated by oxide film, there is no proof of a volcano plot, and only the ascending branch will 

exist. Different research groups have reported experimental values for reaction rates that differ 

significantly. To address this, the Nørskov group [141] developed contemporary volcano plots that use 

reliable adsorption energies calculated through DFT, with an estimated error of ±0.1 eV for hydrogen 

adsorption. Once again, incorporating metals covered with oxides (such as W, Nb, and Mo) in the strong 

binding region of Nørskov's volcano plot has presented a challenge to the descending part of the plot. 

Schmickler group [17] also calculated these adsorption energies for various densely-packed metal 
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surfaces, mainly fcc(111), and found the same values as the Nørskov group for the same metals. 

Schmickler group constructed plots (Figures 3.9a and b) that relate the j0 of metals in both acidic and 

alkaline media as a function of their adsorption energies, but without including metals that form oxides. 

The plots look similar, but acid solutions show slightly faster rates than alkaline solutions for the fastest 

reactions.  

 

                             a)                                                b)                                        c) 

Figure 3.10 a) Trasatti’s volcano plot [13], ’Volcano’ plots (excluding the oxide forming metals) for 

HER b) in alkaline and c) in acid aqueous solutions [17]. Note that ascending and descending branches 

are reversed with respect to Trasatti’s volcano plot.  

When comparing the volcano plot (Figure 3.10b and c) with Trasatti's plot (Figure 3.10a), a general 

similarity emerges when excluding metals covered by oxide films from Trasatti's plot. However, there 

are some significant deviations, some caused by new experimental data and others resulting from 

differences in trends between Eads(H) and EM-H used in Trasatti's plot. For instance, the position of nickel 

on the plots is different due to this trend difference, and the higher rate at silver may be due to improved 

sample preparation. Neither of the plots (Figure 3.10b and c) bears any resemblance to a volcano, but 

similar to Trasatti's plot, there is a general trend of rising reaction rate with falling adsorption energy 

(ΔadsGH). According to Schmickler et al., three categories of catalysts were identified: sp metals (Cd, Hg, 

Pb), which exhibit the poorest performance, coinage metals (Cu, Ag, Au), which fall in the middle; the 

d metals (Rh, Ro, Ir, Pd, Pt) are considered the best catalysts while Ni and Co are mediocre. The 

electrocatalytic properties of metals are related to the electronic structure of their sp and d bands.  

Poor catalysts primarily have sp bands near the Fermi level, while catalysis is enhanced by narrower and 

more structured d bands. The reaction rate is mainly governed by Sabatier's principle, except for Ni and 

Co, which have compact and minimal overlap with hydrogen, making them effective catalysts. However, 

for other metals, the reaction rate decreases due to highly exothermic hydrogen adsorption and the 

complex pathway involving multiple intermediate states. Therefore, to be a good catalyst, a material must 

satisfy one of these three conditions: (i) adhere to Sabatier's principle, where ΔG is roughly equal to zero 

at the equilibrium potential, (ii) have a d-band that extends over the Fermi level, and (iii) have a certain 

distance (0.5 Å) between the active catalyst (adsorption site) and the proton, as electron transfer from the 

former to the latter requires this distance. The position of the d band and the strength of interaction 

between the metal d-band and 1s orbital of H are interconnected with the adsorption energy. However, 

there can be instances where these conditions conflict or contradict each other. Therefore, metals with a 

strong interaction between their d-band and the 1s orbital of H are more likely to perform better [30].  

According to Schmickler et al., the sp-metals follow Sabatier’s principle. Still, because these metals are 

less active, extrapolation from a distant point in the potential is necessary to obtain j0 values, which leads 

to significant experimental errors. On Trasatti's plot, the behavior of sp metals aligns with Sabatier's 
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principle, as supported by Figure 3.10c in alkaline media. Nevertheless, the data in acid solutions neither 

contradict nor strongly support Sabatier's principle. The Volmer reaction being the RDS on these metals, 

supports Sabatier's principle [17], [37]. Coinage metals (Ag, Au, and Cu) exhibit moderate catalytic 

activity, and their j0 values require extrapolation over a smaller potential range compared to sp metals. 

The rates of HER on the coinage metals are similar, which result from two compensating factors: the 

position of the d band and the energy of adsorption become more favorable in the order Au < Ag < Cu, 

while the coupling (interaction with hydrogen) increases in the opposite direction Cu < Ag < Au. As a 

result, the overall rates of these metals are influenced by factors beyond Sabatier's principle, resulting in 

a plateau rather than a volcano-shaped trend.  

The d metals, including Pt, Ir, Pd, Rh, Re, Co, and Ni, possess favorable catalytic properties as their 

Fermi level falls within the d band. Schmickler et al. note that the rates of the d metals are generally 

rapid, except for Co and Ni. These rates exhibit a notable disparity between acid and alkaline solutions 

and do not follow a volcano-shaped trend, indicating that Sabatier's principle alone does not govern their 

catalytic behavior. While Sabatier's principle suggests that the d metals (excluding Co and Ni) should 

form the descending branch of the volcano plot, this is not observed due to the presence of two different 

adsorbed hydrogen species, HUPD and HOPD. The reaction selectively favors the intermediate with the 

more favorable energy (HOPD), thus avoiding the predicted descending branch. Ni and Co are similar 

metals, and Schmickler et al. focused explicitly on Ni(111) to explain the catalytic properties of Ni and 

Co, as it is the most dense stable surface.  

In contrast to other d metals (excluding Co), the HER on Ni must proceed through the strongly adsorbed 

hydrogen (HUPD) state, which follows Sabatier’s principle. Schmickler group has used their own theory 

to calculate the ΔadsGH on Ni(111) and found that the Ni(111) surface follows the Volmer-Heyrovsky 

mechanism. This agrees with the experimental observation that the Volmer-Heyrovsky mechanism 

operates on Ni and Co, with the Heyrovsky step being the RDS. Their findings indicate that the Volmer 

step is fast and is in line with Sabatier’s principle [17]. Furthermore, the authors pointed out that when 

dealing with nanostructures, the situation becomes even more intricate since there are several potential 

adsorption sites with varying adsorption energies. Thus, determining which adsorption site to utilize in 

constructing volcano plots can be more challenging.  

Several volcano-type plots have been published in the literature, apart from the original work by Trasatti. 

One notable contribution is the modern volcano plot by the Nørskov group [141], who utilized Eads(H) 

calculated by DFT, resulting in a more reliable and extensive dataset. Another volcano plot was presented 

by the same group [142] in another publication, which employed kinetic modeling, assuming the Tafel 

reaction as the RDS and the Volmer reaction always in equilibrium. Sheng et al. [15] also assembled a 

modern volcano plot for alkaline solutions. According to Schmickler et al., all of these plots lose their 

volcano shapes when the oxide-covered metals are removed from consideration. Upon conducting a 

comprehensive literature review, it was discovered that there are considerable discrepancies and 

conflicting information, and some authors have pointed out that the "volcano" correlation for the HER 

could be misleading [137]. Although volcano trends for HER have been established both in acidic and 

alkaline media, they failed to account for why the majority of metal catalysts in alkaline medium exhibit 

⁓2-3-fold lower activity than in acid solutions [76], [78]. Moreover, the volcano plots have received 

criticism for ignoring potential differences in the mechanisms of the HOR and HER occurring on the 

same catalyst [38] as well as the possible existence of various types of H adsorbates with different 

adsorption energies [142], [144]. The bond strengths utilized in "volcano" plots for the HER are based 

on strongly bound HUPD. However, Conway's hypothesis suggests that the intermediate in the reaction 

could be a weakly bonded HOPD [97]. The connection between HUPD and HOPD is still uncertain in 

electrochemistry, which raises questions about the relationship between HUPD and the kinetics of the 

HER. The volcano plot assumes that the catalyst is in a steady state and that the reaction is diffusion-
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limited, but this may not always be the case. Other factors such as pH, electrolyte, temperature, and the 

presence of other species can also affect the catalyst's activity for the HER [145]. Therefore, relying 

solely on the volcano plot may not offer a complete understanding of the catalyst's activity. Despite these 

limitations, HER volcano plots can still be useful for the initial screening and comparison of catalysts. 

Additionally, researchers have employed volcano plots to create bimetallic systems that exhibit improved 

electrocatalytic performance in the HER/HOR by combining metals situated on the opposite branches of 

the curve [38]. Greeley et al. utilized DFT to evaluate the stability and HER activity of over 700 binary 

surface metal alloys. They identified that the BiPt surface alloy exhibited significant potential as a 

promising candidate, showcasing HER activity comparable to or surpassing Pt [108]. 
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Chapter four - Materials and methods  

4.1. Electrochemical measurements  

4.1.1. Materials  

Polycrystalline metallic rotating disk electrodes (RDE) with a Teflon diameter of 10 mm were used for 

the electrochemical measurements as working electrodes. The RDEs used were Ag, Au, Co, Fe, Pt, and 

W with diameters of 3 mm, Ni with a diameter of 3.2 mm, and Cr and Zn with a diameter of 5 mm. The 

metals purchased from Goodfellow Cambridge Ltd. (UK) are at least 99.95% pure (except Cr, with 

99.7%). Sigma Aldrich chemicals were utilized to prepare electrolytic solutions with different 

concentrations. The prepared electrolyte solutions were 0.1 mol dm−3 HCl, 0.1 mol dm−3 HClO4, 1 mol 

dm−3 KH2PO4, 0.5 mol dm−3 NaCl, 0.1 mol dm−3 LiOH, 0.1 mol dm−3 KOH solution, and 1 mol dm−3 

KOH. Ultrapure deionized water was used to prepare the electrolytic solutions and hydroxides were 

anhydrous with ≥ 99.9% trace metal basis. In all the electrochemical measurements, ultra-pure argon was 

used to de-aerate the electrolytes.  

In this study, a commercial graphene-oxide material, ACS Graphene Oxide Powder, was employed as a 

catalyst support for the synthesis of metal-reduced graphene oxide (M@rGO) composites. Electrolytic-

quality copper substrates served as the foundation for supporting both pure metals and reduced graphene 

oxide (rGO) in the composites. 

To produce the M@rGO composites, an electrochemical process was employed. Electrochemical 

measurements were conducted using a standard three-electrode setup. The reference electrode utilized 

was Ag/AgCl (saturated with KCl), while a graphite rod served as the counter electrode. The 

potentiostat/galvanostat used was the PAR 263A from Princeton Applied Research, USA, and impedance 

measurements were facilitated by coupling it with a 5210 Dual Phase Analog Lock-in Amplifier, 

controlled through the POWERSuite software package. 

For the experiments, practical-grade chemicals were employed without additional purification. The 

specific chemicals used in the electrodeposition bath can be found in Table A1 in the Appendix.  

4.1.2. Setup for electrochemical measurements  

For electrochemical measurements, an IVIUM Vetex.One software was utilized in a single-compartment, 

three-electrode glass cell. The cell contained a double-junction Saturated Calomel Electrode (SCE), 

which functioned as a reference electrode, while a graphite rod was used as a counter electrode for acidic 

solutions. On the other hand, a 3×3 cm Ni foam was utilized as a counter electrode for pH-neutral and 

alkaline solutions. The experimental duration for each electrode was short, lasting less than 10 minutes. 

Thus, any potential release of silicates from the glass in alkaline solutions can be disregarded for this 

study.  

4.1.3. Electrode preparation  

Prior to conducting the experiments, each disk electrode underwent a preparation process. First, they 

were polished to achieve a mirror-like finish using 0.05 µm alumina powder. Following this, the 

electrodes were sonicated for 15 seconds to ensure cleanliness and remove any residual particles. After 

the sonication step, the electrodes were rinsed with the working solution and swiftly transferred to the 

electrochemical cell. 
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The measurements were promptly initiated upon electrode transfer to minimize the formation of oxides 

on the metal disk surfaces. This swift initiation helped maintain the integrity of the experimental 

conditions and ensured accurate results by preventing unwanted oxidation on the electrode surfaces.  

4.1.4. Methodology of electrochemical measurements  

Cyclic voltammetry (CV) was utilized to perform HER measurements, with a potential sweep rate of 10 

mV s−1. Prior to the potential sweep, the electrode potential was held steady at values of -1 V, -0.6 V, and 

-0.24 V vs. SCE for alkaline, pH-neutral, and acidic solutions, respectively, until the current density fell 

below 1 μA cm−2. Subsequently, three cycles were executed to reach deep negative potentials, following 

which the electrode underwent cycling between 0 and +1.4 V vs. reversible hydrogen electrode (RHE) 

at a sweep rate of 20 mV s−1. Then, the HER measurement was repeated as described. The electrodes 

remained under constant potential control throughout the experiment and were not permitted to relax to 

the open circuit potential.  

Although glass (from SCE) may release silicates into alkaline solutions during long-term experiments, 

this potential impact can be disregarded since the experiments conducted for each electrode were 

relatively short, lasting less than 10 minutes. All electrochemical measurements were carried out at room 

temperature. Potentials are referred to as SCE, and to calculate HER overpotentials, potentials are 

converted to the RHE scale using the equation: ERHE = ESCE + 0.244 V + 0.059 V × pH. Hardware settings 

were employed to rectify electrolyte resistance, up to 75% of the resistance value, determined through 

single-point impedance measurement at 0 V vs. RHE (100 kHz). 

4.1.5. Real surface area and roughness factor measurements  

Roughness factor (RF) measurements were performed on freshly polished electrodes using CV in a 

narrow potential window, except for Fe and Pt. The measurements were carried out in 1 mol dm-3 KOH 

solution by cycling the electrodes between −0.1 and 0 V vs. RHE at various sweep rates of 10, 20, 50, 

75, 100, 150, and 200 mV/s. Prior to the measurements, the electrodes were exposed to intense HER at 

deep negative potentials to minimize the presence of oxides. Next, a graph was generated by plotting the 

current, specifically at the midpoint of the potential window, against the sweep rate. This graph produced 

a linear relationship, and the slope of the line was used to determine the double-layer differential capacity 

based on the equation: i = dQ/dt = (dQ/dE) · (dE/dt) = C · v, where i represents the current, C represents 

the capacitance of the electrode, and v represents the sweep rate. The slope of the current vs. sweep rate 

line was used to calculate the electrode capacitance, which was then divided by 20 F cm2 to give the 

electrochemically active surface area (ECSA) [146], [147]. Then, the measured HER currents were 

normalized by ECSA. The RF was then calculated by dividing the ECSA by the geometrical cross-section 

of the electrode disk. Applying this method to Fe resulted in a significant dispersion of the current vs. 

potential scan rate data, which determined the RF unreliable. As a result, we opted to determine the RF 

for the Fe disk through impedance spectroscopy instead. The RF values for the investigated metals are 

given in Appendix (Table A1). The impedance spectrum of the Fe disk was recorded in the frequency 

range of 0.1 Hz to 100 kHz after exposing it to HER at -0.3 V vs. RHE in 1 mol dm−3 KOH. The 

capacitance was determined by fitting the spectra and assuming an oxide-free surface, and the ECSA was 

obtained by dividing the capacitance by 20 μF cm−2. To determine the RF and ECSA of Pt, cyclic 

voltammetry was used in 0.1 mol dm−3 HClO4. ECSA was calculated by integrating the peaks of HUPD/H 

desorption and dividing the charge under these peaks by 210 μC cm−2 [147]. It is important to mention 

that there are various techniques available for determining the ECSA, including the method based on 

adsorption capacitance, which may be appropriate for certain metals examined in this study [148]. 

Nevertheless, this approach was not validated for all the catalysts studied in this work. Consequently, we 
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relied on capacitance measurements to estimate ECSA whenever possible or, in the absence of a standard 

method, as in the case of Pt.   

4.1.6. Metal deposition on drop-casted-GO films  

n this study, metal-reduced graphene oxide (M@rGO) composites were synthesized through an 

electrochemical process. The electrochemical measurements were carried out using a typical three-

electrode setup, as explained in Section 4.1.1. The electrode potentials were recalculated to the RHE 

(Reversible Hydrogen Electrode) scale using the formula: ERHE = EAg/AgCl + 0.197 V + 0.059 V×pH. For 

the deposition process, copper substrates with a precisely cut geometric surface area of 0.2826 cm2 were 

utilized. These substrates served as the deposition surface for both the metals and the M@rGO 

composites. Before deposition, the copper substrates underwent a thorough cleaning procedure involving 

concentrated hydrochloric acid, acetone, and water to ensure their cleanliness. 

Thin films of graphene oxide (GO) were prepared by drop-casting an aqueous-ethanol suspension onto 

the copper substrates and then dried under vacuum conditions. The deposition process was conducted on 

either bare copper substrates or graphene oxide-modified copper substrates. Table A2 in Appendix A 

provides details of the composition of the electrodeposition baths and the specific deposition conditions. 

The as-prepared electrodes were labeled as M-t or M@rGO-t, where "t" represents the deposition time 

in seconds. To record the polarization curves for HER, linear sweep voltammetry was employed at a scan 

rate of 10 mV s−1 in an Ar-purged 1 mol dm−3 aqueous KOH solution. All measurements were conducted 

using the above-described cell configuration.  

4.1.7. Characterization of the polycrystalline electrocatalysts  

The surface morphology of pure Ni and Ni@r(GO) deposits was examined by scanning electron 

microscopy (SEM) using a JEOL JSM 6460 LV electron microscope. 

4.1.8. Co-deposition of Ni and rGO and the measurements of HER activity  

In this experiment, Ni (nickel) and Ni@rGO (nickel-reduced graphene oxide) composites were 

electrodeposited on a polished Ti (titanium) rod with a cross-sectional diameter of 3 mm. The 

electrodeposition bath used for this process comprised 0.2 mol dm−3 H3BO3, 0.5 mol dm−3 NH4Cl, and 

0.125 mol dm−3 NiSO4. Additionally, 0.1 g dm−3 of GO (Graphenea, Spain) was added to the bath to 

produce the Ni@rGO composite. The electrodeposition process was performed in a two-electrode 

electrochemical cell. The Ti rod was positioned upright in the cell, and a spiral-shaped Ni electrode was 

placed symmetrically around it. The deposition was carried out under constant current conditions, 

specifically at a current density of -50 mA cm−2, for a total duration of 90 seconds.  

Once the electrodeposition was completed, the electrodes were rinsed with deionized water to remove 

any residual traces from the process. Subsequently, they were transferred to a three-electrode 

electrochemical cell for conducting HER measurements. Electrochemical measurements were done in 

the same way as described in Sections 4.1.2 and 4.1.4 in one compartment three-electrode 

electrochemical cell where a 3×3 cm Ni foam served as a counter electrode, and KOH solution was used 

as an electrolyte in all experiments. To prevent the obstruction of the surface by bubbles, the Ti rod was 

oriented in an upward position. 

4.2. DFT calculations  

The first-principle DFT calculations were executed using the Vienna ab initio simulation code (VASP) 

[149]–[151]. The Generalized Gradient Approximation (GGA) in the parametrization by Perdew, Burk, 

and Ernzerhof [152] combined with the projector augmented wave (PAW) method was used [153]. For 

the first part of the thesis work, cut-off energy of 350 eV and Gaussian smearing with a width of σ = 
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0.025 eV for the occupation of the electronic levels were used. The (2 × 2) Zn (0001) and Cr (110) 

surfaces were investigated. In the second part of the research, a cut-off energy of 40 Ry was employed 

for the calculations. Additionally, a larger charge density cut-off, 16 times larger than the energy cut-off, 

was used. The investigation focused on the densely packed (111) surface of Face-Centered Cubic (FCC) 

metals, including Ag, Au, Ni, Pd, and Pt. Furthermore, the (0001) surface of Hexagonal Close-Packed 

(HCP) metals, Co, and Zn, as well as the Fe(110) surface of Body-Centered Cubic (BCC) metal, were 

also examined. For each of these surfaces, corresponding p(2×2) cells with specific characteristics and 

four-layer slabs were used in the calculations. To ensure accurate integration of the electronic states, a 

Monkhorst–Pack Γ-centered 4×4×1 k-point mesh was employed. This k-point mesh was used to integrate 

the first irreducible Brillouin zone, allowing for a comprehensive analysis of the electronic properties 

and structural characteristics of the selected metal surfaces [152]. For both cases, four-layer slabs were 

used. In this study, the adsorption of atomic hydrogen was investigated at a coverage of 0.25 monolayer 

(ML). The binding energy of the adsorbed hydrogen atom (HBE) was calculated relative to an isolated 

H2 molecule using the following formula:  

HBE = ESurf+H – Esurf – 1/2EH2      (4.1) 

Here, ESurf + H represents the total energy of the surface with an adsorbed hydrogen atom, ESurf is the total 

energy of the clean surface, and EH2 is the total energy of an isolated H2 molecule. For metals other than 

the ones investigated in this work, literature data calculated at the same level of theory using periodic 

DFT calculations were used. The compiled data for these metals can be found in Table A1 in Appendix 

A.  

4.3. KMC simulations  

In this study, Kinetic Monte Carlo (KMC) simulations were conducted using the KMCLib v1.1 [154] 

code. KMC simulations are used to model the dynamics of rare events in a system based on the provided 

elementary processes and their reaction rates. The system's initial configuration was defined on a regular 

grid in space, and all the relevant elementary processes and their associated rates were input into the 

KMCLib code. During the simulations, the system was propagated from one state to another on the free 

energy landscape determined by the provided elementary processes and rates. Sufficient time was given 

to the simulations to allow the system to equilibrate. After equilibration, statistical data were collected to 

analyze various aspects of the system's behavior. 

Some of the key statistics collected during the simulations included: 

1. Integral H2 production rates on the support: This refers to the rates at which hydrogen molecules 

were produced on the catalyst support. 

2. Overall H2 production rate: This indicates the total rate of hydrogen production in the system. 

3. Hydrogen coverage of the catalyst and the support: This quantifies the fraction of available sites 

on the catalyst and the support that were occupied by hydrogen atoms. 

4. Spatial maps of H2 production (normalized from 0 to 1): This provides a visual representation of 

the spatial distribution of hydrogen production, with values normalized between 0 and 1 to 

facilitate comparisons. 

By analyzing these statistics, the researchers gained valuable insights into the hydrogen production 

process and the behavior of the system under study. 
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Chapter five - Result and discussion  

5.1. The polarization (I-E) curves for the monometallic polycrystalline 

electrocatalysts  

To analyze the catalytic capabilities of the polycrystalline metals being studied, we computed the 

overpotentials for the HER at a current density of -0.1 mA cm-2
real. Our selection of the current density 

was not arbitrary; instead, we based it on the established standard measure of HER activity -10 mA cm-

2
geom) set by McCrory et al. [155]. The cited study compares high surface area catalysts using the same 

value (-10 mA cm-2
geom), and their RFs are around 102. This implies that if normalized to the ECSA, the 

comparison could be made using approximately 102 times lower current densities. To have a more 

genuine comparison of catalytic activities among the investigated metals, the current values were 

normalized with respect to the ECSA of each disk electrode to obtain real surface area normalized current 

density (jreal) values. ECSA of the electrodes were calculated as described in section 4.1.5. To explore 

the impact of the presence/formation of oxides, the HER activities of the metals were examined in two 

distinct states: when freshly polished and after being exposed to HER oxidation potentials.  

 

It should be noted that the oxidation process was performed only on specific electrodes deemed 

significant for investigation. Polarization curves (jreal vs. E) are then plotted for all the metals in each 

solution. The corresponding overpotential values required to achieve a current density of -0.1 mA cm-

2
real (η0.1) were then determined as presented in Tables 5.1 and 5.2. By measuring the overpotential at a 

constant current density, an insight into how the electrode material significantly influences the potential 

or energy needed to facilitate hydrogen production can be gained [106]. The superior electrocatalyst is 

always characterized by a lower overpotential at the desired current density [43].  

 

Figures 5.1 represent the analyzed metals' polarisation curves in 0.1 mol dm−3 HCl and 0.1 mol dm−3 

HClO4. When examining the HER activity of metals in a 0.1 mol dm−3 HCl solution for freshly polished 

electrodes (as shown in Figure 5.1a), the metals follow the sequence of Pt > Ni > W > Co > Ag > Fe > 

Cr > Zn > Au. After oxidative treatment, the HER activity of Pt slightly increased, while that of W 

decreased, and Cr remained relatively unchanged. For the case of the freshly polished electrodes in 0.1 

mol dm−3 HClO4 (Figure 5.1b), the HER activities of the metals follow the order Pt > Ni > Co > W > Cr 

> Ag > Au > Fe > Zn. Surprisingly, the HER performance of Cr is high in 0.1 mol dm−3 HClO4 after Pt, 

Ni, Co, and W. Following an oxidative treatment, the HER activity of Ag and Au has improved 

significantly, whereas the HER activity of Pt has slightly increased. However, the HER activity of Cr 

and W has decreased after oxidative treatment. The decrease in the activity of Cr in 0.1 mol dm−3 HClO4 

and that of W in both the acidic electrolytes following oxidative treatment can be attributed to the 

spontaneous passivation of the Cr and W electrode in acidic environments. Upon careful comparison 

between the two acidic solutions (Table 5.1), it can be observed that though Ag and Au display slightly 

enhanced catalytic performances in HCl solutions, the majority of the metals, such as Pt, Co, Cr, Fe, Ni, 

W, and Zn, demonstrate better catalytic activities in HClO4 when compared to HCl. The reason for this 

difference in catalytic activities can be attributed to chlorine ion poisoning in 0.1 mol dm−3 M HCl and 

to the non-adsorbing property of ClO4
─ anion in 0.1 mol dm−3 HClO4 [78].  
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                                       a)                                                                            b)  

Figure 5.1 HER polarization curves for freshly polished and oxidatively treated electrodes in a) 0.1 mol 

dm-3 HCl solution and b) 0.1 mol dm-3 HClO4 solution. Solid symbols indicate freshly polished 

electrodes, while empty or half-empty symbols represent oxidatively treated electrodes. 

Figure 5.2 represents the polarization curves of the analyzed metals in pH-neutral solutions, specifically 

0.1 mol dm−3 NaCl and 1 mol dm−3 KH2PO4. In the case of freshly polished electrodes, as shown in 

Figures 5.2a and b, the HER activity in both pH-neutral solutions exhibits a similar trend, decreasing in 

the following order: Pt > Ni > Cr > W > Fe ⁓ Co > Au > Ag > Zn. Interestingly, similar to the observations 

in 0.1 mol dm−3 HClO4, Cr exhibits remarkably high HER activity in the pH-neutral solutions, surpassing 

that of tungsten W, Fe, and Co. This suggests the potential utility of Cr as a catalyst for HER in seawater 

splitting applications. Following the oxidative treatment, the HER activity of Pt, W, Fe, and Cr in 0.1 

mol dm−3 NaCl solution declined, while Ni, Co, Ag, and Au increased. Similarly, in 1 mol dm−3 KH2PO4 

solution, the HER activity of Ni, Cr, Ag, Au, Co, and Fe improved, while that of W decreased after 

oxidative treatment. Following oxidative treatment, the decline in the HER activity of Cr in a 0.1 mol 

dm−3 NaCl solution could be ascribed to the formation of stable oxides that are not soluble in pH-neutral 

and alkaline solutions in the HER potential region. In contrast, the decrease in HER activity of Pt and Fe 

in the NaCl solution can be attributed to Cl− ion poisoning. Additionally, the reduction in HER activity 

of W in both the pH-neutral solutions could be due to the limited concentration of OH- ions (10−7 mol 

dm−3), which may not be sufficient to dissolve the oxides present/formed on the surface of W. One 

intriguing discovery in our research is that following the oxidative treatment, the HER activity of Ni in 

0.5 mol dm−3 NaCl exceeded that of Pt. The possible reasons behind this observation will be elucidated 

in subsequent sections. Upon careful comparison between the two neutral solutions (Table 5.1 and 5.2), 

it is evident that the HER performance of all the freshly polished and oxidatively treated metals is better 

in KH2PO4 compared to the NaCl solution. This difference can be attributed to chloride ion poisoning of 

the metal electrodes in NaCl (simulated seawater) solution.  
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                                   a)                                                                               b)    

Figure 5.2 HER polarization curves, for both freshly polished and oxidatively treated electrodes, in a) 

0.1 mol dm-3 NaCl solution and b) 0.1 mol dm−3 KH2O4 solution. Solid symbols indicate freshly polished 

electrodes, while empty/half-empty symbols represent oxidatively treated electrodes.  

Figure 5.3 represents the polarization curves of the analyzed metals in KOH solutions having different 

concentrations, specifically 0.1 mol dm−3 KOH and 1 mol dm−3 KOH. The HER activities of the freshly 

polished electrodes in 0.1 mol dm−3 KOH (Figure 5.3a) follow the order Pt > Ni > W > Co > Fe > Cr > 

Ag > Au > Zn. After undergoing oxidative treatment, the HER performance of Pt, Ni, Co, Ag, and Au 

increased while that of W, Fe, and Cr decreased. Conversely, the HER activities of the freshly polished 

electrodes in 1 mol dm−3 KOH (Figure 5.3b) follow the order Pt > Ni > Co > W > Au > Fe > Ag > Cr > 

Zn. After undergoing oxidative treatment, the HER activity of Cr, the sole metal analyzed in this case, 

decreased. The decrease in the activity of Cr, in both 0.1 and 1 mol dm−3 KOH, after oxidative treatment 

is ascribed to the formation of stable oxide films on the electrode surface, which hinders HER. After a 

careful comparison of both the data presented in Table 5.1 and Figure 5.3 for the two KOH solutions, it 

is clear that the majority of the freshly polished electrodes (such as Pt, W, Co, Ag, Au, and Zn) exhibit 

better HER performance in 1 mol dm−3 KOH as compared to 0.1 mol dm−3 KOH. Thus, an increase in the 

concentration of KOH has a positive impact on the HER activity of the metals. According to a study by 

Faid et al. [156], a change in pH and KOH concentration (0.01 to 2 M KOH) affected the HER activity 

of Ni-based catalysts by influencing the ECSA and Tafel slope. However, the authors observed that at a 

concentration of 2.0 M KOH, the HER properties of the catalysts were impeded due to the reduced 

transport kinetics of OHad. These results imply that there is a possibility of enhancing the HER 

performance by increasing the concentration of KOH up to a certain threshold.     

  

                                    a)                                                                             b) 

Figure 5.3 HER polarization curves for both freshly polished and oxidatively treated electrodes in a) 0.1 

mol dm−3 KOH solution and b) 1 mol dm−3 KOH solution. Solid symbols indicate freshly polished 

electrodes, while empty or half-empty symbols represent oxidatively treated electrodes.  
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Figure 5.4 represents the polarization curves of the analyzed metals in 0.1 mol dm-3 LiOH. The HER 

activity for the freshly polished electrodes in LiOH follows the order Pt > Ni > W > Co > Fe > Au > Cr 

> Ag > Zn. The HER activities of Ni, Co, Cr, Ag, and Au are improved post-oxidation treatment, whereas 

those of W and Pt were lowered. Comparing the HER activities across the three alkaline solutions (Table 

5.1 and 5.2), the HER catalytic performance of the freshly polished metals in 0.1 mol dm-3 LiOH is 

slightly higher than that of 1 mol dm-3 KOH, which, in turn, is marginally better than that of 0.1 mol 

dm−3 KOH, which agrees with prior research [157]–[159]. The HER activity of Au in 1 mol dm−3 KOH 

and 0.1 mol dm−3 LiOH is much higher than in 0.1 mol dm−3 KOH. It seems that Au is sensitive to the 

electrolyte concentration and nature of the alkali metal ions. A study by Goyal and Koper [160] revealed 

that the kinetics of the HER on Au electrodes are influenced by electrolyte pH and alkali metal cation 

concentration. Increasing cation concentration at a mildly alkaline pH (pH = 11) enhances the HER 

activity of Au electrodes. Additionally, after undergoing oxidative treatments, the HER activities of the 

metals are higher in LiOH compared to 0.1 mol dm−3 KOH. The improved HER performance of the 

metals in LiOH solution is attributed to the effect of Li ions. Li+-ion-induced destabilization of the HO-

H bond is believed to accelerate sluggish water dissociation [159], [160]. The HER activity of the metals 

in the investigated electrolyte solutions, as determined by the η0.1 (Table 5.1 and 5.2), follows the 

following order: 0.1 M HClO4 > 0.1 M LiOH > 1 M KH2PO4 > 0.1 M HCl > 1 M KOH > 0.1M KOH > 

0.5 M NaCl. It is widely accepted that the accelerated formation of Hads intermediates from H3O
+ plays 

a significant role in enhancing the HER activity of metals in acidic solutions. Conversely, the decreased 

activity of metals in the HCl solution can be attributed to the negative effects of Cl- ion poisoning. The 

higher HER activity of 1 M KOH compared to 0.1 M KOH is primarily due to the concentration effect 

of K+ ions [160]. The metals exhibited lowered HER activity in 0.5 M NaCl, once again due to the 

detrimental impact of Cl− ion poisoning. The improved HER performance of the metals in LiOH solution 

is attributed to the effect of Li ions. By positively interacting with the dissociating water molecule (Hads–

OHδ−–cat+), structure-making cations like Li+ are known to play a crucial part in stabilizing the transition 

state of the RDS (Volmer step) in alkaline solutions [159], [160] Huang et al. [157], have reported that 

the HER activity of Pt (111), in the pH range of 1 to 14, is boosted with increasing structure-making 

propensity of cations in the order of Cs+ < Rb+ < K+ < Na+ < Li+. A similar order of activity Li+ > Na+ > 

K+ > Cs+ was reported by Taji et al. [159] with 0.1 M LiOH having the highest activity at low 

overpotentials. The Volmer-Heyrovsky and Volmer-Tafel processes' relative contributions to the overall 

reaction were shown to vary depending on the type of the alkali metal cation, with the Volmer-Heyrovsky 

being more significant for LiOH electrolytes [159]. Monteiro et al. [158] demonstrated that strongly 

hydrated cations (Li+) improve HER at higher overpotentials (more alkaline pH), but weakly hydrated 

cations (K+) only do so at low overpotentials. The HER activity on Au electrodes at a moderately alkaline 

pH (pH = 11) was considerably boosted upon raising the cation concentration to a certain level, according 

to [160]. However, when the pH and hence the near-surface cation concentrations are high, the buildup 

of these species at the outer Helmholtz plane inhibits HER [158], [160].  
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Figure 5.4 HER polarization curves for both freshly polished and oxidatively treated electrodes in 0.1 

mol dm−3 LiOH solution. Solid symbols indicate freshly polished electrodes, while empty or half-empty 

symbols represent oxidatively treated electrodes.  

Table 5.1 The overpotential (vs. RHE) values are needed for a current density of 0.1 mA cm−2
real (vs. 

RHE) of the freshly polished metals in each solution.   

 Overpotential of the metals in the respective solutions (Before Oxidation) 

Metals 0.1M KOH 1M KOH 0.1M LiOH 0.5M NaCl 1M KH2PO4  0.1M HCl 0.1M HClO4 

Ag -0.4598 -0.4338 -0.6086 -0.7314 -0.4932 -0.3504 -0.3927 

Au -0.4727 -0.3922 -0.4189 -0.7175 -0.4447 -0.3123 -0.4688 

Co -0.304 -0.2649 -0.2785 -0.624 -0.4204 -0.325 -0.1987 

Cr -0.3754 -0.4465 -0.4501 -0.5304 -0.268 -0.6205 -0.3656 

Fe -0.121 -0.1043 -0.0944 -0.3677 -0.2154 -0.3223 -0.2457 

Ni -0.157 -0.1752 -0.1485 -0.3467 -0.1813 -0.182 -0.157 

Pt -0.064 -0.0559 -0.0472 -0.2878 -0.0149 -0.0327 -0.0199 

W -0.2997 -0.2946 -0.2603 -0.5546 -0.2714 -0.2393 -0.2036 

Zn -0.4792 -0.4628 -0.5722 -0.7349 -0.5452 -0.6745 -0.4 

 

Table 5.2 The overpotential (vs. RHE) values needed for a current density of 0.1 mA cm−2
real (vs. RHE) 

of the metals in each solution after oxidative treatment.  

 Overpotential of the metals in the respective solutions (After Oxidation) 

Metals 0.1M KOH 1M KOH 0.1M LiOH 0.5M NaCl 1M KH2PO4 0.1M HCl 0.1M HClO4 

Ag -0.4507  -0.5543 -0.6456 -0.3599   

Au -0.4567  -0.4113 -0.6837 -0.3668   

Co -0.295  -0.2683 -0.5 -0.3807   

Cr -0.5772 -0.5631 -0.4217 -0.7357 -0.2628 -0.6128 -0.4803 

Fe -0.1622  -0.1257 -0.4827 -0.2013   

Ni -0.1252  -0.1097 -0.2435 -0.1554   

Pt -0.0564  -0.0708 -0.292 -0.0168 -0.0106 -0.0138 

W -0.3637  -0.2761 -0.5693 -0.2802 -0.2749 -0.22 

Zn -0.4709  -0.5699  -0.5434   
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5.2. The hydrogen binding energies of the monometallic polycrystalline 

electrocatalysts  

The HBE data set was compiled by averaging available literature data on periodic DFT calculations from 

references [15], [138], [141], [161]. However, for metals where reliable literature data was not found (Cr 

and Zn), we have conducted their own calculations, as described in section 4.2. The compiled HBE values 

are given in Table A1 (Appendix A).   

5.3. The Volcano plots (η-HBE) in acidic solutions  

To construct the volcano plots, we have used the I-E curves obtained on freshly polished electrodes and 

after cycling the electrodes to high anodic potentials (approximately +1.4 V vs. RHE in a given 

electrolyte). The experimentally determined HER overpotential values, needed for the current density of 

0.1 mA cm−2
real, were then correlated with the DFT calculated HBE to construct volcano curves for all 

seven solutions. Figure 5.5 shows the HER volcano plots in the acidic solutions (0.1 mol dm−3 HClO4 

and 0.1 mol dm−3 HCl). The shape of the volcano curve is well preserved in the investigated acidic 

solutions in good agreement with Trasatti’ and Nørskov’s volcano plots [13], [141]. For both the freshly 

polished and oxidatively treated electrodes, Pt is situated at the peak of the volcano plot, very close to 

the optimum point (HBE = 0). This metal has a minimum overpotential close to zero for both cases 

because all the HER reaction steps involved in this metal are thermo-neutral [37]. The metals, including 

Ni, Co, Fe, W, and Cr, are located in the strong binding region, while Ag, Au, and Zn are located in the 

weakly binding region. One can easily observe the impact of the electrolyte on the shape of the volcano 

curve, as evidenced by the broader overpotential range (form ⁓ 0 to > -0.6 V) required for HER in HCl 

compared to HClO4. The reason for this difference in catalytic activities can be attributed to Cl− ion 

poisoning in 0.1 mol dm−3 HCl and to the non-adsorbing property of ClO4
─ anion in 0.1 mol dm−3 HClO4. 

The effect of SO4
2− and ClO4

− anions on the HER activity of Pt(110) in 0.1 M KOH was examined by 

Sheng et al. [162]. ClO4
− was shown to have no effect on the HBE, while the addition of SO4

2− slightly 

altered the HBE of Pt (110). Conversely, there are studies that assert the insignificance of the effect of 

electrolyte anions on the HER. A comparable HER/HOR performance of Pt across three electrolytes 

(HClO4, HNO3, and H2SO4) is reported by [163]. Moreover, a study by [164] revealed that in contrast to 

the HOR, the HER current densities, which have been examined in low overpotential and underpotential 

sites, were found to be independent of the nature of the supporting electrolyte (HClO4, H2SO4, and HCl). 

When it comes to the effect of the exposure of the electrodes to oxidizing conditions, due to the ease with 

which Pt oxides can be reduced in all solutions, the effects of electrodes' exposure to anodic potentials 

on the HER activity are negligible. On the other hand, the HER activity of Cr in HClO4 is significantly 

decreased, while the activity of W also slightly decreased in both HCl and HClO4. Although the impact 

of oxidation on W is not as apparent for the low current densities utilized to assess the HER activities in 

this study, these decrease in activities can be explained by the formation of stable oxides, under HER 

conditions, on Cr and W surfaces which interfere with HER activities of the metals. Consequently, the 

strong-binding branch is depicted with a degree of uncertainty, and stable oxides on valve metals have 

the potential to disturb the volcano shape if precautions are not taken to prevent or minimize the presence 

of oxides, which may not be entirely feasible in certain circumstances.  



49 

 

 

                                               a)                                                        b)  

Figure 5.5 The HER volcanoes in acidic solutions: (a) 0.1 mol dm−3 HClO4; (b) 0.1 mol dm−3 HCl. Freshly 

polished electrodes are represented by squares, and circles are used to represent electrodes after 

undergoing oxidative treatment. 

5.4. The Volcano plots (η-HBE) in neutral solutions  

Figure 5.6 shows the HER volcano plots in the alkaline solutions: 0.5 mol dm−3 NaCl and 1 mol dm−3 

KH2PO4. Similar to what has been observed in the acidic solutions, Pt exhibits the highest activity level 

among all the freshly polished electrodes. Overall, the shape of the volcano curve is preserved in the 

investigated neutral solutions in agreement with those reported in acidic [13], [49] and alkaline solutions 

[15]. Nevertheless, it is clear that the electrolytes have a substantial impact on the "absolute" activities 

of the metals being tested. This is exemplified by the higher HER overpotentials observed for the metals 

in the NaCl solution (Figure 5.6a) compared to those in the KH2PO4 solution (Figure 5.6b). In the NaCl 

solution, the volcano peak experiences a shift of approximately -0.3 V compared to the KH2PO4 solution, 

where Pt demonstrates a minimal overvoltage for HER. In neutral solutions, unique characteristics are 

observed in the HER activities. Notably, the strong binding branches of the HER volcanoes show a 

flattened trend for W and Cr. At the same time, Co exhibits unexpectedly low activities in both the pH-

neutral solutions investigated. These findings align with the concepts proposed in reference [17], which 

discuss the activity of metals with highly exothermic hydrogen adsorption.  
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                                               a)                                                           b) 

Figure 5.6 The HER volcanoes in neutral solutions: (a) 0.5 mol dm−3 NaCl (simulated sea water); (b) 1 

mol dm−3 KH2PO4 (pH was adjusted to 7.0 in both electrolytes.). Freshly polished electrodes are 

represented by squares, and circles are used to represent electrodes after undergoing oxidative treatment. 

Regarding the NaCl solution, significant changes in activity are indicated by arrows. 

To account for the effects of surface oxidation, they can be divided into trivial and non-trivial. As 

investigations were carried out under hydrodynamic voltammetry conditions, trivial effects of surface 

oxidation pertain to situations where the metal is actively dissolved during the anodic cycle in 

conjunction with electrode rotation. In the case of Ag in NaCl solution, for instance, AgCl is generated 

and reduced over the process, increasing the specific surface area, thus the RF, and subsequently, the 

activity increases. As W-oxides easily dissolved in alkaline solutions, a similar pattern was anticipated 

for W in alkaline solutions [21]. However, W activity has shown a modest decline in almost all the 

investigated electrolytes. On the other hand, developing a stable oxide layer presents two possibilities 

and is linked to the non-trivial case of activity change. The first possibility is that the oxide layer is stable 

and obstructs the HER because of its intrinsic inactivity towards the HER and/or insulating 

characteristics. This situation is likely to apply in the case of Cr in most of the solutions examined and 

in the case of W in acidic solutions (as discussed in section 5.1). A profound effect of the oxide layer on 

HER is evident in the case of Cr in HClO4 (Figure 5.5a) and NaCl (Figure 5.6a), as illustrated in Figure 

5.7. Yet, the absence of a highly noticeable effect in HCl solution at low current densities raises the 

question of why this occurs. Still, there is no straightforward answer to this inquiry. While the HER 

activity of the metals in the HCl solution is significantly lower than in HClO4, the effects of oxidation 

are not as pronounced, particularly at lower HER current densities (Figure 5.7b). At present, we can only 

make conjectures regarding potential dissimilarities in the states of chromium oxide films formed in 

HClO4 and NaCl solutions compared to those formed in HCl solution. Ultimately, it is evident that the 

chromium oxide films formed in HClO4 and NaCl solutions are not identical, as indicated by the 

differences observed in their cyclic voltammograms of formation (Figure 5.7, insets).  

Another possibility is that the oxide layer boosts HER activity. This occurrence is observed for both Ni 

and Co in pH-neutral and alkaline solutions, while for Fe, the effect is either minor or negative. The 

impact of increasing HER is particularly pronounced in 0.5 mol dm−3 NaCl (simulated seawater) solution. 

This results in the activity of Ni surpassing that of Pt after the oxidative treatment, causing the peak of 

the volcano plot to shift towards Ni (Figure 5.6a). The lower activity of Pt in the simulated seawater can 

be attributed to the unusual behavior of Pt electrodes in chloride-containing-electrolyte solutions. The 

formation of a platinum-chloride complex of an unknown stoichiometry is predicted at anodic potentials 
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[165]. The enhanced HER activity of Ni in NaCl solution, after oxidative treatment, can be explained by 

the enhanced rate of water dissociation at the metal|oxide interface [18], [19]. Marković group 

investigated the HER in alkaline solutions using Ag, Cu, and Ni electrodes modified by Ni(OH)2. Their 

findings showed that the activities of these modified surfaces were comparable to those of unmodified 

electrodes in acid solutions. Additionally, the presence of Ni(OH)2 enhanced the activity of Ni surfaces 

by four times compared to Ni surfaces without Ni(OH)2, indicating the significance of the oxide species 

on the surface. The same authors conducted a systematic study involving Pt(111) and different 3d metal 

hydroxides, revealing that each catalyst had similar Hads adsorption abilities but varying abilities to adsorb 

hydroxyl groups. The HER activity demonstrated a consistent rise as the interaction between OH−M 

decreased. Remarkably, the catalyst with the weakest OH interaction, Pt(111)-Ni(OH)2, exhibited the 

highest HER activity, approximately seven times greater than the unmodified Pt(111) electrode in 0.1M 

KOH [18], [79]. 

  
                                                   a)                                                      b)    

Figure 5.7 The polarization curve of the Cr electrode for the HER both before and after undergoing 

oxidative treatment in (a) 0.1 mol dm−3 HClO4 and (b) 0.5 mol dm−3 NaCl; the insets display cyclic 

voltammograms of the Cr electrode, illustrating the occurrence of irreversible oxide layer formation 

during the cycling process. In the HClO4 solution, a roughly ten times higher current at the anodic vertex 

potential is observed compared to the NaCl solution. 

5.5. The Volcano plots (η-HBE) in alkaline solutions  

The HER volcano plots in alkaline solutions, specifically 0.1 mol dm−3 LiOH, 0.1 mol dm−3 KOH, and 1 

mol dm−3 KOH, are displayed in Figures 5.8 (a-c). In both cases, i.e., for freshly polished and oxidatively 

treated electrodes, Pt exhibits the highest activity level among all the metals considered. In acidic 

solutions, Pt has an insignificant HER overvoltage due to faster HER kinetics. However, in alkaline 

solutions, the overvoltage is higher (by about -0.1 V), in line with previous research [166], due to the 

sluggish water dissociation step interfering with the HER process. The HER volcano plots are well 

preserved in all three alkaline solutions. They are in good agreement with each other and also with those 

reported by Sheng et al. [15] in alkaline solutions and by Trasatti and Nørskov [13], [141] in acidic 

solutions. For 0.1 mol dm−3 KOH, it is possible to identify two branches of the HER volcano plot with 

strong binding, depending on whether or not there is an oxide layer on the surface. This indicates that the 

volcano plots are preserved even after the metals are exposed to oxidizing conditions. The impact of the 

oxidative treatment of the metals on the HER in the alkaline solutions is more noticeable in 0.1 mol dm−3 

KOH. In this situation, the activities of Cr, Fe, and W are reduced, while that of Ni is improved. The non-

trivial effects of surface oxidation, where the formation of a stable oxide layer hampers the HER, are 

once again operative in the case of Cr in alkaline solutions. On the other hand, the formation of an oxide 
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layer, which actually enhances the HER activity, is operative for Ni in alkaline solutions, as elaborated 

in detail in section 5.4.  

 

                        a)                                                   b)                                             c)  

Figure 5.8 The HER volcanoes in alkaline solutions: (a) 0.1 mol dm−3 LiOH; (b) 0.1 mol dm−3 KOH; (c) 

1 mol dm−3 KOH. Freshly polished electrodes are represented by squares, and circles are used to represent 

electrodes after undergoing oxidative treatment. As for 0.1 mol dm−3 KOH, it is possible to observe two 

strongly binding branches of the HER volcano based on the presence of oxide on the surface.  

The results indicate that volcano-like relationships for the HER hold true across the broad pH range. 

Under the specified experimental conditions, considering freshly polished surfaces and making efforts to 

minimize the presence of oxides as much as possible, Platinum is situated at the apex of the volcano 

curves. Nevertheless, the presence of strongly adsorbing ions, such as chloride, and the structure-

making/breaking cations contribute to the relatively subtle effect of the electrolytes on the HER activity 

of the metals [90], [111], [159], [167]. Our main objective was to convey a significant discovery that 

HBE serves as a reliable descriptor for HER activities across the entire pH spectrum. However, it is 

crucial to consider the influence of surface oxidation and its influence as an additional factor. Without 

proper precautions, the shape of the volcano curve can be distorted, making it better or worse, depending 

on the characteristics of the electrolyte used. 

Additionally, the formation of oxides and their impact on HER activity is influenced by the electrolyte, 

emphasizing the need to consider these factors when attempting to enhance HER through metal|oxide 

interface engineering. There are several potentially significant additional effects to consider. Primarily, 

impurities have the potential to influence the measured HER activities. From a fundamental standpoint, 

this can result in a shift in the position of a particular metal on the volcano plot. In this study, since the 

measurements were conducted in identical reaction conditions, the effect should be uniform for all the 

metals examined within a specific solution. From a practical perspective, particularly in industrial 

applications, this could have significant implications if there are metal impurities present that become 

deposited on the electrode in the HER process. Such impurities can alter the composition of the 

electrode's surface, thereby influencing its activity. Undoubtedly, this issue warrants further investigation 

since it remains unclear whether the presence of impurities can have a detrimental or beneficial impact 

on the HER activity. 

Nevertheless, it is essential to highlight that the effect of chloride ions was addressed in both acidic and 

pH-neutral environments, with the effects being particularly noticeable in pH-neutral solutions. 

Therefore, it can be inferred that the impacts of impurities are likely to be dependent on the pH of the 

solution as well. This observation could be attributed to the pH-dependent nature of HBEs [101], where 

it has been observed that HBE decreases monotonously as the pH of the electrolyte increases. This effect 

is regarded as accountable for the pH-dependent electrochemistry of HER. However, based on the key 
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findings of this study, it is not considered to be of primary significance. Specifically, our study 

demonstrates that new catalysts can be evaluated using HBEs calculated at the metal|vacuum interface, 

regardless of the pH of the electrolyte in which the HER takes place.  

Therefore, the crucial factor is to discover a catalyst that exhibits a comparable strength of Hads adsorption 

to Pt. Depending on the pH of the solution, the HBEs will systematically shift, while the activity should 

remain close to that of Pt. The same principle applies to the presence of oxides. Although efforts can be 

made to minimize their presence, achieving complete elimination may not be feasible. Nonetheless, it is 

worth noting that the adsorption energies of simple adsorbates exhibit scaling relationships [141]. 

Consequently, a catalyst that binds Hads in a manner similar to Pt should also exhibit similar behavior to 

Pt in terms of surface oxidation. Therefore, the quest for new catalysts that exhibit Hads binding similar 

to Pt entails searching for catalysts that possess a comparable oxophilicity.  

5.6. Kinetic parameters  

Tafel analysis is a commonly used method for comparing the electrocatalytic activity of different 

materials. It leads to determining two significant kinetic parameters, specifically, Tafel slope and j0, 

which are essential factors in understanding reaction mechanisms and catalyst effectiveness. Section 

3.1.2 explains the procedures employed for calculating the Tafel slope and j0. At the same time, it is 

important to recall that a lower Tafel slope and a higher j0 typically characterize a better electrocatalyst.  

Comparison of Tafel slopes and HER j0 values in 0.1 mol dm−3 HClO4 and 0.1 mol dm−3 HCl with the 

literature data are shown in Table 5.3. Moreover, the HER Tafel plots for both freshly polished and 

oxidatively treated electrodes in 0.1 mol dm−3 HClO4 and 0.1 mol dm−3 HCl are presented in Figure 5.9. 

The HER j0 values in 0.1 mol dm−3 HClO4 and 0.1 mol dm−3 HCl agree with [31] and are higher than 

those reported by [70] and lower than those reported by [80], [103], [168]. Similar to the observation 

based on the η0.1, most metals exhibited improved HER performance in HClO4 compared to HCl solution, 

as indicated by their j0 values. Within the acidic electrolytes under investigation, polycrystalline Au and 

Ag electrodes display higher j0 values, whereas Pt and W exhibit lower values; however, the j0 values of 

Ni and Co are comparable to the literature collected j0 values reported by Nørskov et al. [141]. The j0 

values confirm that Pt continues to be the most effective catalyst for the HER in acidic solutions, with 

Ni and Co ranking next in terms of performance.  

Table 5.5 presents Tafel slopes and HER j0 values in 0.5 mol dm−3 NaCl and 1 mol dm−3 KH2PO4 for 

freshly polished electrodes and after the electrodes are exposed to oxidative treatments. Moreover, the 

HER Tafel plots for both freshly polished and oxidatively treated electrodes in 0.5 mol dm−3 NaCl and 1 

mol dm−3 KH2PO4 are presented in Figure 5.10. The j0 values for all the metals (except Cr) are higher in 

KH2PO4 than NaCl, in agreement with the observations based on η0.1.  

Table 5.4 compares Tafel slopes and HER j0 values in 0.1 mol dm−3 KOH and 1 mol dm−3 KOH with the 

literature data. Furthermore, Table 5.5 presents Tafel slopes and HER j0 values in 0.1 mol dm−3 LiOH 

and 0.1 mol dm−3 KOH for freshly polished electrodes after the electrodes are exposed to oxidative 

treatments. Additionally, Figure 5.11 shows the HER Tafel plots for both freshly polished and oxidatively 

treated electrodes in 0.1 mol dm−3 LiOH, 1 mol dm−3 KOH, and 0.1 mol dm−3 KOH. The HER j0 values 

in the alkaline solutions, namely 0.1 mol dm−3 KOH and 1 mol dm−3 KOH, are comparable to [15], [85], 

higher than [169] and lower than those reported by [23], [112], [142], [170]–[177]. The j0 values for Ag, 

Co, Ni, and W in 0.1 M KOH in this study are notably comparable, while the values for Pt, Fe, and Au 

are slightly lower than those reported by Sheng et al. [15]. Pt continues to demonstrate its superiority as 

a catalyst for the HER in alkaline solutions, with Ni and Co following closely behind, as evidenced by 

their highest j0 values. Based on the j0 values in alkaline solutions, the HER activity of the freshly 

polished electrodes follows the order: 0.1 mol dm−3 LiOH > 1 mol dm−3 KOH > 0.1 mol dm−3 KOH. 
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While the HER following the oxidative treatment in 1 mol dm−3, KOH was solely carried out for Cr, the 

j0 values of all metals (except Ni) are higher in 0.1 mol dm−3 LiOH compared to 0.1 mol dm−3 KOH after 

undergoing oxidative treatments. This trend is again consistent with the observations based on η0.1.  

For the examined polycrystalline monometallic surfaces in the investigated electrolytes, the HER j0 

values differ by more than three orders of magnitude. A comparison of the HER j0 values of the studied 

metals in the acidic, pH-neural, and alkaline solutions revealed that the HER activity of the freshly 

polished electrodes follows the order: 0.1 mol dm−3 HClO4 > 0.1 mol dm−3 HCl ⁓ 0.1 mol dm−3 LiOH > 

1 mol dm−3 KOH ⁓ 1 mol dm−3 KH2PO4 > 0.1 mol dm−3 KOH > 0.5 mol dm−3 NaCl. Similarly, for the 

solutions in which the HER was performed for all metals after oxidative treatments, the HER activity of 

the metals follows the order 0.1 mol dm−3 LiOH > 1 mol dm−3 KH2PO4 > 0.1 mol dm−3 KOH > 0.5 mol 

dm−3 NaCl. This order of HER activity of the electrolyte solutions differs slightly from the one observed 

based on η0.1. This difference can be attributed to the fact that j0 calculations, which are determined based 

on Tafel slopes, are susceptible to some errors.   

The HER Tafel slopes for the examined metals in the investigated solutions fall in the range from - 53 

mV dec-1 to - 292 mV dec-1. Among the studied acidic solutions, Pt exhibits the lowest Tafel slope (Figure 

5.9a and b), followed by W, Fe, and Ni. Notably, the Tafel slope for Co is unexpectedly high and does 

not align with the expected activity pattern. In the pH-neutral solutions: 0.5 M NaCl and 1 mol dm−3 

KH2SO4, Pt have the lowest Tafel slope (Figure 5.10a and b) followed by Fe and Co (Fe ⁓ Co) in NaCl 

and by W in KH2SO4. Similarly, in the alkaline solutions: 0.1 mol dm−3 KOH, 1 mol dm−3 KOH, and 0.1 

mol dm−3 LiOH, Pt has the lowest Tafel slope (Figure 5.11a and b) followed by W. Tafel slopes for Au, 

Ni, Co, and Pt are lower while that of Ag, Cr, and W are higher in 0.1 mol dm−3 KOH in this study 

compared to those reported by Sheng et al. [15]. While there is no distinct pattern in the Tafel slopes of 

the metals in the solutions being analyzed, significant variations in the Tafel slopes are observed. The 

HER Tafel slopes are influenced by various factors, including the pH of the electrolyte, the potential 

range used to determine the Tafel slope, and the Hads surface coverage of the electrodes. It has been 

documented that the Tafel slope of bulk Pt disk electrodes displays a potential-dependent behavior in a 

0.5 mol dm−3 H2SO4 electrolyte solution. Specifically, the Tafel slope ranges from 36 to 68 mV dec-1 

initially and then increases to 125 mV dec-1 as the overpotential rises [41]. The Tafel slope of single 

crystal Au facets: Au(111), Au(100), and Au(110) was also found to vary gradually from about −60 mV 

dec−1 at high overpotentials and was consistent across the three Au facets [37].  

Table 5.3 Comparison of Tafel slopes and HER exchange current density values in 0.1 mol dm−3 HClO4 

and 0.1 mol dm−3 HCl with the literature data  

Electrode Log (jo 

(mA/cm2)) 

Tafel slope (mV 

dec-1) 

Electrolyte Temperature Surface 

are used 

Literature 

Ag - 4.11±0.01 - 127 0.1 M HClO4 rt real this work 

Au - 2.79±0.02 - 263 * * real this work 

Au (100) - 4.3 

Au (110) -4.52 

Au (111) - 3.6 

Au (pc) - 3.85      

Au - 2.6 - 118 0.1 M HClO4 278 K geo [177] 

Au - 2.55 - 128.1 * 283 K geo [177] 

Au - 2.12 - 133.3 * 293 K geo [177] 

Au - 2 - 137.6 * 303 K geo [177] 

Au - 1.72 - 146.7 * 313 K geo [177] 

Au - 1.66 - 136 * 323 K geo [177] 

Co - 1.88±0.01 - 227 * rt real This work 

Cr - 4.6±0.08 - 102 * rt real This work 
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Fe - 4.03±0.02 - 144 * rt real This work 

Ni - 1.63±0.02 - 248 * rt real This work 

Pt - 1.4±0.04 - 53 * rt real This work 

Pt (111) - 0.68 - 74 * nm  [80] 

Pt (111) 0.17 --- * nm  [103] 

W - 3.91±0.02 - 85  * rt  real  This work 

Ag  - 3.24±0.03 - 156 0.1 M HCl rt real  this work 

Au - 2.95±0.02 - 160 * rt real this work 

Co - 2.47±0.03 - 219 * rt real this work 

Cr - 3.58±0.03 - 240 * rt real this work 

Fe - 4.57±0.01 - 139 * rt real this work 

Ni - 2.29±0.04 - 140 * rt real this work 

Pt - 1.46±0.05 - 77 * rt real this work 

Pt  0.2 --- * nm geo [168] 

Pt 0.079 --- 7.72 M HCl nm geo [168] 

W - 4.01±0.03 - 84  0.1 M HCl rt real this work 

* represents the same electrolyte as in its previous cell, rt represents room temperature, nm 

represents not mentioned, and geo indicates geometrical  

Table 5.4 Comparison of Tafel slopes and HER exchange current density values in 0.1 mol dm−3 KOH 

and 1 mol dm−3 KOH with the literature data.  

Electrode log (jo 

(mA/cm2)) 

Tafel slope 

(mV dec-1) 

Electrolyte Temperature Surface 

area used 

Literature 

Ag - 4.24±0.03 - 134 1 M KOH rt real this work 

Ag - 4.3±0.15 - 139 0.1 M KOH rt real this work 

Ag - 4.3±0.3 - 134±9 * nm geo [15] 

Au - 3.25±0.06 - 175 1 M KOH rt real this work 

Au - 4.53±0.01 - 134 0.1 M KOH rt real this work 

Au - 3.2±0.6 - 168±9 * nm  [15] 

Au - 2.85 - 167.7 * 278 K geo [177] 

Au - 2.82 - 159.8 * 283 K geo [177] 

Au - 2.72 - 155.4 * 293 K geo [177] 

Au - 2.55 - 157.4 * 303 K geo [177] 

Au - 2.26 - 167.5 * 313 K geo [177] 

Au - 1.74 - 139.7 * 323 K geo [177] 

Au - 1.54 - 141.4 * 333 K geo [177] 

Co -2.07 ±0.02 - 248 1 M KOH rt real this work 

Co - 2.49±0.03 - 204 0.1 M KOH rt real this work 

Co -2.5±0.4 126±6 * nm  [15] 

Cr -4.0 ±0.04 - 149 1 M KOH rt real this work 

Cr - 4.22 - 117 0.1 M KOH rt real this work 

Fe - 3.4 ±0.08 - 172 1 M KOH rt real this work 

Fe - 2.62±0.02 - 206 0.1 M KOH rt real this work 

Fe - 1.9±0.4 - 131±12 * nm  [15] 

Ni - 1.99±0.05 - 174 1 M KOH rt real this work 

Ni - 1.95±0.05 - 132 0.1 M KOH rt real this work 

Ni - 2.1±0.5 - 135±32 * nm geo [15] 

Ni foam - 1.17 - 144 1 M KOH nm geo [23] 

Ni - 2.60 121 * nm geo [169] 

Ni metal with 

possible 

surface state 

of NiOx 

- 0.99 146±19 *  geo [142] 

Raney Ni 

(250) 

0.95 84 25 % KOH nm geo [171] 
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Ni metal with 

possible 

surface state 

of NiHx 

- 1.77 105 - 125 1.3 M KOH nm geo [172] 

Ni metal with 

possible 

surface state 

of NiHx 

- 1.45 115 30 (W%) KOH nm  [173] 

Pt - 2.07±0.09 - 52 1 M KOH rt real this work 

Pt - 1.93±0.08 - 72 0.1 M KOH rt real this work 

Pt - 0.2±0.01 - 113±1 * nm geo [15] 

Pt - 0.24±0.07 --- * nm geo [112] 

Pt (poly) - 0.16 --- * nm geo [174] 

Pt - 1 – 0.96 --- * 298 K geo [175] 

Pt (111) - 2 --- * 275 K geo [85] 

Pt (111) - 1.46 --- * 293 K geo [85] 

Pt (111) - 1 --- * 313 K geo [85] 

Pt (111) - 0.52 --- * 333 K geo [85] 

Pt (110) - 0.9 --- * 275 K geo [85] 

Pt (110) - 0.52 --- * 293 K geo [85] 

Pt (110) - 0.25 --- * 313 K geo [85] 

Pt (110) - 0.17 --- * 333 K geo [85] 

Pt (100) - 1.3 --- * 275 K geo [85] 

Pt 0.02 --- 1 M KOH (rt) rt geo [176] 

Pt (100) - 0.83 460 8 M KOH nm geo [170] 

W - 3.81±0.03 - 114 1 M KOH rt real this work 

W - 3.97±0.03 - 107 0.1 M KOH rt real this work 

W - 4.2±0.4 - 90±7 * nm  [15] 

* represents the same electrolyte as in its previous cell, rt represents room temperature, nm 

represents not mentioned, and geo indicates geometrical  

Table 5.5 Tafel slopes and HER exchange current density values in 0.1 M LiOH, 0.1 M KOH, 0.5 M 

NaCl, and 1 M KH2PO4 for freshly polished electrodes and after the electrodes are exposed to oxidative 

treatments  

Freshly polished electrodes After electrodes are exposed to oxidation potential 

Electrode  log (jo)  

mA/cm2 

Tafel slope 

(mV dec-1) 

Electrolyte log (jo) mA/cm2 Tafel slope  

(mV dec-1) 

Ag  - 4.39±0.01  - 180  0.1 M LiOH  - 3.89±0.02  - 192±0.84  

Au - 3.48±0.01 - 169 * - 3.38±0.01  - 173±0.36 

Co - 2.48±0.01 - 189 * - 2.5±0.01 - 179±0.27 

Cr - 3.56±0.02 - 177 * - 3.44±0.02  - 174±0.8 

Fe - 2.71±0.01 - 222 * - 2.94±0.01 - 197±0.67 

Ni - 1.92±0.05 - 162 * - 2.14±0.04  - 95±1.2 

Pt - 1.58±0.1  - 81 * - 1.78±0.07  - 88±2.4 

W - 3.16±0.03  - 120  * - 3.36±0.02  - 177±0.45  

Ag - 4.3±0.15 - 139±0.39) 0.1 M KOH - 4.29±0.09  - 137±2.3  

Au - 4.53±0.01  - 134±2.3  * - 4.3±0.04  - 138±1.1 

Co - 2.49±0.03  - 204±1.7 * - 2.58±0.03 - 177±1.3 

Cr - 4.22±0.03  - 117±0.67 * - 3.55±0.1 - 233±4.7 

Fe  - 2.62±0.02             - 206±0.86 * - 2.91±0.02 - 184±0.9 

Ni - 1.95±0.05  - 132±2.2 * - 1.89±0.05 - 174±3 

Pt - 1.93±0.08  - 72±2 * - 1.93±0.1 - 61±2 

W -(3.97±0.03) - 107±0.74  * - 4.0±0.03 -123±0.73 

Ag - 4.85±0.02 - 196±0.63 0.5 M NaCl - 3.71±0.01 - 239±0.31 

Au - 3.74±0.02 - 263±1 * - 4.34±0.01 - 205±0.35 

Co - 4.43±0.03  - 182±1  * - 2.9±0.01  - 263±0.55 
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Cr - 3.16±0.03 - 246±1.5  * - 3.4±0.02  - 308±1.7 

Fe  - 4.42±0.01  - 179±0.23 * - 4.82±0.01 - 173±0.29 

Ni - 2.44±0.03 - 239±2.3 * - 2.05±0.03 - 234±2.2 

Pt - 2.77±0.03 - 164±1.3 * - 2.90±0.04 - 154±1.5 

W - 2.87±0.07 - 292±5.6  * - 4.13±0.02 - 182±0.87 

Ag - 3.31±0.06  - 214±3.2 1 M KH2PO4 - 2.95±0.06) - 184±2.8 

Au - 3.51±0.02  - 178±0.73 * - 3.0±0.03) - 183±1.1 

Co - 2.48±0.03 - 257±2.3 * - 2.86±0.02) - 204±1.3 

Cr - 2.84±0.03 - 168±1.3 * - 4.59±0.11) - 93±1.9 

Fe  - 4.42±0.01 - 125±0.14 * - 4.24±0.02) - 127±0.39 

Ni - 2.22±0.05 - 148±2.3 * - 2.04±0.03) - 152±1.7 

Pt - 1.3±0.07 - 53±1.6 * - 1.35±0.08) - 47±1.5 

W - 4.1±0.05 - 93±0.88  * - 3.96±0.05) - 99±1 

* represents the same electrolyte as in its previous cell 

  

                                               a)                                                                  b) 

Figure 5.9 The HER Tafel plots for the freshly polished and oxidatively treated electrodes a) in 0.1 mol 

dm−3 HClO4 b) in 0.1 mol dm−3 HCl. Solid symbols indicate freshly polished electrodes, while empty or 

half-empty symbols represent oxidatively treated electrodes.  

 
                                               a)                                                                  b)   

Figure 5.10 The HER Tafel plots for the freshly polished and oxidatively treated electrodes a) in 0.5 mol 

dm−3 NaCl and b) in 1 mol dm−3 KH2PO4. Solid symbols indicate freshly polished electrodes, while 

empty or half-empty symbols represent oxidatively treated electrodes.  
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                          a)                                                      b)                                                     c) 

Figure 5.11 The HER Tafel plots for the freshly polished and oxidatively treated electrodes a) in 0.1 mol 

dm−3 LiOH, b) in 1 mol dm−3 KOH, and c) in 0.1 mol dm−3 KOH. Solid symbols indicate freshly polished 

electrodes, while empty or half-empty symbols represent oxidatively treated electrodes.  
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5.7. KMC simulations—model  

Now let's consider the process of the HER in alkaline media, where the initial step involves the 

dissociation of water (Volmer reaction) to generate adsorbed hydrogen (Hads) on the surface of the 

catalyst:  

H2O + e− + (*C) → Hads + OH−       (5.1) 

 where *C represents the free adsorption site at the catalyst surface. In the subsequent stages, the Hads on 

the catalyst surface is desorbed through either the Tafel reaction (as described in Equation. 6.2) or the 

Heyrovsky reaction (Equation 6.3).  

Hads + Hads → H2 + 2(*C)        (5.2)  

H2O + e− + Hads + (*C) → H2 + (*C) + OH−      (5.3) 

HER follows the mechanism above when it occurs on a catalyst that is either unsupported or supported 

on a surface that cannot accept Hads. In other words, this mechanism operates when hydrogen spillover 

is not active. Thus, the reaction will proceed via the Volmer-Tafel or the Volmer-Heyrovsky combination 

[178]. In the context of our analysis, we can refer to this particular scenario as a "surface path." 

Conversely, suppose the catalyst is placed on a support material capable of accepting Hads. In that case, 

there will be a balance between the amount of Hads on the catalyst's surface and the portion of Hads that 

has spilled onto the support material [178].  

Hads(*C) + (*S) → (*C) + Hads(*S)       (5.4) 

Here, *S represents an adsorption site located on the surface of the support material. At this point, H2 

can be generated through the recombination of the Hads present on the support material: 

Hads(*S) + Hads(*S) → H2 + 2(*S)       (5.5) 

We will refer to this path as the "interface path." It is essential to highlight that surface diffusion occurs 

since the Hads species on the catalyst and the support material are dynamic. For the spillover process to 

occur, surface mobility is a prerequisite. Consequently, the diffusion processes of Hads on both the C and 

S surfaces are crucial components of the interface path for HER. Therefore, the dynamics of our model 

systems can be explained by the processes above, which can be categorized into direct and reversed ones. 

The geometry of the system contains 130×130 unit cells. Considering the typical lattice constants of 

transition metals, this size would approximately correspond to a fraction of the surface measuring around 

50x50 nm. First-principles calculations are not suitable for considering domains of this size, but they are 

sufficiently large to capture cooperative interactions between the catalyst and the support through KMC 

calculations. The unit cells represent individual adsorption sites, each categorized as either a catalyst or 

a support site. In defining the system configurations, we maintained the circular shape of catalyst islands 

on the support material. However, drawing inspiration from the discoveries made by [23], who showed 

enhanced HER by applying r(GO) onto Ni foam, we investigated a distinct scenario in which the support 

is alternatively deposited on the catalyst surface, which can be identified as a decorated catalyst surface. 

However, to keep things simple, we continued to refer to the decorator and support using the same 

notation (S). This notation is feasible because the crucial factor in our KMC model is the length of the 

interface, and the subtle geometric effects, such as the transfer of Hads over a convex or concave interface, 

are not significant. 

In our research, we adopted a similar approach to our previous work [26] and conducted conceptual 

modeling of the Hydrogen Evolution Reaction (HER) on supported (decorated) catalysts. To scale the 

reaction rates, we used a factor of 10n, where n is an integer number. This choice was based on the 

observation that the activation barriers for the various elementary processes considered in our model 
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were comparable. The kinetic barriers for these processes, such as surface diffusion, H2 dissociation, and 

spillover from Pd atoms to Au(111) and Cu(111), were found to range from 0.12 to 0.18 eV [27]. 

Additional evidence provided by Nilekar et al. [28] indicated that surface diffusion barriers on transition 

metals are approximately 12% of the adsorbate's binding energy. For hydrogen, this translates to a range 

of 0.20-0.30 eV. Activation energies for the HER on transition metal surfaces generally fall within the 

same range as those for surface diffusion, although they can vary depending on the surface orientation 

[25]. Considering that the Arrhenius equation is used to describe the rate constants of elementary 

processes, a change in the reaction rate from 10-2 to 102 corresponds to an alteration in the activation 

energy within the range of ±0.12 eV. Therefore, for values of n ranging from -2 to 2, the relative rates 

correspond to minor fluctuations in the activation energies of the various elementary processes included 

in our model. The reported rates of H2 production are dimensionless, but they can be considered 

equivalent to experimentally measured currents. 

5.8. KMC simulations—insights  

In the initial set of computations, we examined the case where Eq. 5.1 exhibits a slower rate than all the 

remaining procedures in the model (formal rate 0.01, all other rates 1 or higher). This condition 

corresponds to the sluggish water dissociation and, thus, the slow rate of Hads formation, which is 

typically regarded as challenging for the HER in alkaline environments [179], [180]. Nevertheless, the 

scenario changes when dealing with elevated HER overpotentials. In such cases, the formation of Hads is 

quicker, while the Hads desorption step becomes the RDS. For example, it has been determined that for 

polycrystalline Ni, the Heyrovsky reaction serves as the RDS at higher HER overpotentials, specifically 

when the surface coverage by Hads is high. On the other hand, metallic surfaces that exhibit weak binding 

affinity towards Hads, such as Au and Ag, will continue to have low water dissociation rates and Hads 

coverage. Under these circumstances, the rate of spillover and the rate of Hads desorption from S do not 

impact the overall production of H2, while the formation of H2 through reaction (5.5) is negligible. In 

this case, the coverage of the metal surface by Hads is minimal, less than 0.01 monolayer (ML). As a 

result, the likelihood of Hads spilling over onto the support is low, regardless of the spillover rate. In such 

a case, we can deduce that the process of spillover does not significantly impact the production of H2. 

Additionally, the dispersion of the catalyst does not affect the rate of H2 production in this specific case. 

The following scenario relates to the HER occurring at high overpotentials on metals, demonstrating a 

robust affinity or strong bonding with Hads. Considering the findings presented in [179], [180], we 

established the Heyrovsky reaction as the RDS with a rate of 0.01. We omitted the Tafel reaction from 

the mechanism while assigning rates of 1 to all other steps, except for the spillover process (Eq. 5.4). In 

this particular scenario, the spillover rate was varied from 0.01 to 100. Each combination of rates for the 

elementary processes was evaluated across three different dispersions. These were 1, 4, and 16 evenly 

distributed catalyst islands of various sizes. Nevertheless, the coverage of the support by the metal 

remained consistent at 0.125 ML in all instances. An additional scenario involved placing the support on 

top of the metal in identical arrangements, leading to a metal coverage of 0.875 ML. Following the 

equilibration of each system, several parameters were evaluated, including the rate of H2 production from 

the support, the overall H2 production, the coverage of the metal surface by Hads, and the coverage of the 

support by Hads were determined (Figure 5.12). The results indicate that as the spillover rate increases, 

the rate of H2 production accelerates. Moreover, in the catalyst@support (C@S) configuration, it is 

evident, from Figure 5.12 a and b, that the support plays a dominant role in the overall process.  

The Hads coverage of the catalyst surface reduces with dispersion, whereas the Hads coverage of the 

support rises. Given the identical set of reaction rates, the H2 production originating from the support in 

the support@catalyst (S@C) system is essentially the same as the production seen in the (C@S) system. 

Nevertheless, the total H2 production is significantly higher in this case due to the involvement of a larger 
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number of catalyst sites that contribute to H2 production, extending beyond the C|S interface. Although 

there are seven times more catalyst sites in the S@C than in the C@S system, when the total rates of H2 

generation are compared for the quickest spillover situation, the rate of H2 generation in the S@C system 

is only two times greater. The overall H2 generation is thus greatly influenced by the interface path. Also, 

spillover helps clean catalyst sites and prevents poisoning by Hads.  

   

                                 (a)                                   (b) 

  

(c)                               (d) 

Figure 5.12 Heat maps illustrating the H2 generation at a slow rate of Heyrovsky reaction, as a function 

of catalyst dispersion and spillover rate. Panels (a) and (b) represent H2 production from the support and 

overall production, respectively, for the C@S configuration. Panels (c) and (d) depict H2 production from 

the support and overall production, respectively, for the S@C configuration. 

The impact of metal coverage is considered in the next set of simulations. Various quantities of 

catalyst/support islands are uniformly placed on the support/catalyst, as depicted in Figure 5.13 (a). At 

the same time, the rates of Hads diffusion on the support (Eq. 5.4) and the rate of H2 desorption from the 

support (Eq. 5.5) were adjusted within the range of 1 to 100. Nevertheless, for a specific simulation, we 

set the diffusion (Eq. 5.4) and desorption rates (Eq. 5.5) equal, resulting in rates of 1-1, 10-10, and 100-

100. Explicitly, the diffusion barrier is proportional to the binding energy of Hads [28], while the 

recombination of Hads will occur at a faster rate for weaker binding. For each combination of the rates 

under consideration, spillover rates of 0.01, 1, and 100 were tested. The results for the pair of rates 100-

100 for reactions (5.4) and (5.5) are presented in Figure 5.13 (b-e). As the spillover rate rises, there is a 

corresponding rise in H2 generation from the S phase, while the coverage of Hads on the metal phase 

decreases. In the C@S system, the overall H2 generation rises with the catalyst fraction and peaks when 

the metal coverage reaches 0.5 ML. 
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Conversely, in the S@C configuration, the overall H2 production decreases as the catalyst fraction 

increases, reaching its maximum at a catalyst fraction of 0.5 ML. These results imply that the C|S 

interface determines the observed trends. Most hydrogen is generated at the support material and the C|S 

interface when the spillover rate is rapid or at least similar to the rates of other processes within the 

system. In contrast, the system's leading site of hydrogen generation occurs at the C|S interface, 

specifically on the S side, if Hads diffusion on the support is not quicker than the other processes in the 

system (including Hads recombination on the support in our simulation). This is evident in the spatial 

maps depicting H2 production in the C@S configuration. In these maps, all rates are set to 1, except for 

the rate of the Heyrovsky reaction, which is set to 0.01 (Figure 5.13, a).  

Nonetheless, a cohesive representation can be provided to demonstrate that as the catalyst coverage on 

the support increases from a low level, H2 production also rises. However, as the catalyst coverage 

exceeds 0.5 ML, the H2 production starts to decrease (Figure 5.14, with the spillover rate set to 1). At 

this moment, the length of the C|S boundary begins to diminish. Consequently, if the spillover path 

dominates H2 generation, this drop will result in a general decline in the rate of H2 generation. 

Subsequently, this leads to the formation of a curve resembling a volcano when plotting the rate of H2 

production against the fraction of metal on the support. Naturally, the precise location of the apex on the 

volcano-shaped curve would be influenced by the rates of all processes in the system and the extent of 

catalyst coverage on the support, as evidenced by previous studies on Ni deposited on r(GO). 

 

    

(a) 

  

(b) (c) 
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(d) (e) 

Figure 5.13 Spatial distribution of H2 production in the system with slow Heyrovsky reaction with 

different coverage of the catalyst phase (brighter colors indicate higher intensity of H2 production); Heat 

maps illustrating H2 generation, at a slow rate of Heyrovsky reaction, as a function of catalyst coverage 

and spillover rate. Panels (b) and (c) represent H2 production from the support and overall production, 

respectively, for the C@S configuration. Panels (d) and (e) depict H2 production from the support and 

overall production, respectively, for the S@C configuration. 

 

  
(a)     (b) 

Figure 5.14 Dependence of the H2 production rate as a function of the catalyst coverage for three different 

sets of rates of Hads diffusion and recombination on the support (spillover rate set to 1). Panel (a) 

illustrates H2 production from the support, while Panel (b) displays the total H2 production. 

5.9. Selecting the right catalyst-support combination 

Based on the obtained results, some specific guidelines can be derived to assist in selecting an appropriate 

combination of catalyst@support materials that exhibit high HER activity. This pertains to choosing a 

catalyst with optimal Hads affinity and a support material with lower Hads activity. The aim is to prevent 

the support from promoting Hads formation while allowing it to accept Hads from the catalyst. If the 

support satisfies this criterion, Hads diffusion and recombination will also occur quickly, significantly 

increasing the spillover path's contribution. In the pursuit of identifying suitable catalyst/support pairing, 

the HER volcano curve in alkaline media [15] served as a valuable reference. Our focus lies on the peak 

of the volcano curve, aiming for catalyst/support pairs exhibiting high activity regardless of spillover 
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contributions. Considering that Pt is known as the most active metal for the HER, primarily due to the 

optimal strength of the Pt-Hads bond, we select catalysts composed of metals with EH = EH(Pt) ± 0.15 eV. 

Feasible catalyst options that fulfill this requirement include Ni, Co, Fe, Rh, Ru, Pd, Ir, and Pt [15], [138]. 

These metals display substantial HER activities and maintain a high Hads coverage under elevated HER 

overpotentials. 

To facilitate the formation of H2, support materials with a weak affinity towards Hads are needed. 

Consequently, we establish a lower threshold of EH = -2.26 eV for the support. Given that the gas phase 

H2 has a bond energy of 4.52 eV, Hads formation on the support will be endothermic. Now we need to 

decide on the upper limit of the EH on the support and set it as EH(C) + 0.65 eV. This implies that the 

Hads bonding on the support should be less favorable than the catalyst surface by a maximum of 0.65 eV.  

Additionally, this criterion sets a maximum thermodynamic barrier of 0.65 eV for transferring Hads from 

the catalyst to the support (Figure 5.15). This value was chosen to allow for its override at ambient 

temperature [32]. Therefore, for the set of the preferred catalysts, EH on the support lies between -2.26 

and -1.92 eV, which is fulfilled by rGO. Consequently, drawing from our previous research [21], [181], 

we examine various metal-r(GO) combinations to assess their HER activities and compare them to their 

pure metal phases. It is essential to acknowledge that the scheme depicted in Figure 5.15 represents an 

extreme scenario where H binding on the support does not promote the formation of Hads. 

Nevertheless, it is conceivable to have stronger bonding on the support, resulting in the stages of H2 

formation along the reaction pathway being entirely uphill from a thermodynamic perspective. For 

instance, in reference [26], they used additional criteria based on ΔadsGH. These considerations included 

catalysts with ΔadsGH values ranging from 0 to -0.45 eV and support with |ΔadsGH| < 0.15 eV. However, 

determining the overall rate relies on the kinetic barriers of individual processes, which are currently 

challenging to estimate.  

  

Figure 5.15 A schematic diagram illustrating the spillover process and H2 production on the rGO-support, 

along with an energy profile depicting the reaction pathway being considered.  
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 5.10. Trends in HER  

According to the information presented in Sections 5.7 and 5.8, there is a strong possibility that the 

hydrogen spillover can enhance the rate of the HER on metals, particularly when HER occurs at a high 

level of Hads coverage on the surface. Analysis of the overall catalytic activity trends in HER, as 

represented by a volcano curve [15], suggests that the spillover process can influence HER for metals 

located on the strong binding branch of the HER volcano plot. Accordingly, metals such as Fe, Co, Ni, 

Pd, and Pt (along with Ru, Rh, and Ir, as previously discussed) will likely experience a beneficial impact 

from hydrogen spillover. Conversely, metals that exhibit weak binding with Hads, such as Ag, Au, and 

Zn, are expected to be unaffected by the effects of hydrogen spillover. To investigate this, a series of 

experiments were conducted involving the simultaneous reduction of GO and deposition of metals. This 

methodology has been previously shown to successfully prepare Ni@rGO composites [21], [181]. The 

details of the procedures are outlined in Section 4.1.6. We examined rGO-supported electrodeposited 

Au, Ag, Co, Ni, Fe, Pd, Pt, and Zn electrodes, and their HER activity was assessed at 10 mA cm−2 (η10) 

[155]. The results (shown in Figure 5.16, a and b) strongly align with our assumptions. Specifically, the 

results indicate that when Au, Ag, and Zn are deposited on rGO, their activity is either similar or lower 

than when directly deposited on the Cu substrate. It is worth noting that η10 of the Cu substrate was found 

to be -0.65 V, slightly lower than that of electrodeposited Ag (Figure 5.16, a).  

The other catalysts, however, all exhibit positive shifts in η10 when deposited on rGO. The effect was 

tested for various electrodeposition times and confirmed for many electrodes. Interestingly, Pd showed 

unexpectedly low activity, but when deposited on rGO, its electrocatalytic activity experienced an 

increase. Intriguingly, the impact of the rGO support was particularly notable for Pd and Co, resulting in 

significant activity improvements. On the other hand, similar activity enhancements were observed by 

Fe and Ni (Figure 5.16, c). By utilizing the obtained η10 values for metals deposited on the Cu substrate 

and M@rGO catalysts, along with the HBEs (calculated using DFT, Section 4.2), the HER volcano curve 

was constructed (Figure 5.16, c). The overall shape of the volcano curve is preserved in agreement with 

previous observations in alkaline media [15]. However, the significant findings lie in the alterations 

within the strong binding branch. Specifically, the entire branch experiences a shift towards lower HER 

overvoltages (in absolute values) for the metals under consideration.   

The results obtained regarding the trends in HER activity are consistent with the outcomes of KMC 

simulations and the underlying assumptions about the conditions in which the spillover process enhances 

HER activity. The HER behavior observed for Ni aligns with our previous research, and Fe and Co 

exhibit similar characteristics to Ni. This similarity should not be surprising given that all three metals 

have comparable HER activity in alkaline media. The effect of rGO on Pd activity is noteworthy, possibly 

due to surface cleaning and reduced H sorption on Pd. However, this explanation remains speculative 

and needs further investigation for validation. Conversely, the possibility of such a mechanism has been 

considered significant in the context of Pd deposition on carbon surfaces, particularly for hydrogen 

storage applications [130], [182]. Notably, the concept of hydrogen spillover was also explored in the 

case of Pt-doped activated carbon and experimentally verified through inelastic neutron scattering [131].  

The results presented provide clear evidence that interfacing metals with a strong H binding affinity and 

rGO leads to an enhancement in the rate of HER. This behavior of the investigated metals remains 

consistent across various deposition times, as depicted in Figure 5.17. Furthermore, in certain instances, 

the observed trends align with the predictions made by KMC simulations. These trends indicate increased 

activity up to a certain level of support coverage with the catalyst, followed by a subsequent decrease. 

This particular trend is observed in the case of Ni and is also partially evident for Fe (Figure 5.17). In 

summary, the process of interfacing contributes to the HER; however, it is important to note that the 
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overall shape of the volcano curve is preserved and is primarily determined by the energetics of Hads at 

the surface of the catalyst. 

(a)  

(b)  

(c)  

Figure 5.16 (a) HER polarization curves for selected metals with (M@rGO-X) and without rGO support 

(M-X), where X represents the deposition time in seconds. (b) Tafel plots for the entire series of catalysts, 

denoted using the same notation as in (a). (c) Volcano plot constructed using η10 values and calculated 

hydrogen binding energies, focusing on the strong binding branch. The inset provides the complete HER 

volcano curve. Error bars depict the range of η10 values for different deposition times. 
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Figure 5.17 The relationship between the electrodeposition time and the HER overpotential of considered 

M@rGO catalysts 

The empirical contribution of the interface path in experimental findings is not as significant as in the 

KMC simulations. However, it is important to note that the simulations should be regarded as mere 

guidelines. Furthermore, it is worth mentioning that the contribution of interfacial effects would be highly 

advantageous in the case of finely dispersed particles (Figure 5.12, the effects of dispersion). However, 

achieving such finely dispersed particles through electrodeposition is challenging. In certain support-

catalyst combinations discussed in this study, there are compelling indications that hydrogen spillover 

plays a role, as previously mentioned [130], [131], [182]. However, it is important to acknowledge that 

there are also contrasting views regarding Pd-graphene systems [129], [183]. These theoretical 

calculations indicated that there might be no hydrogen spillover from small Pd clusters deposited on the 

graphene surface. However, it is also possible that the graphene surfaces used in these studies were 

defectless or too perfect. Specifically, pristine graphene exhibits a weak binding affinity for Hads. 

However, the strength of this bonding significantly increases when defects and functional groups are 

introduced onto the surface [184]. As a result, perfect or defectless graphene does not meet the 

requirements for the support provided in Section 6.3. Indeed, our research group has previously presented 

evidence that positive effects are observed when Ni is deposited on various graphene-based surfaces. 

Specifically, rGO, which contains many defects and a certain proportion of oxygen functional groups 

within its basal plane, has shown positive effects [21]. However, the observed effect was absent when Ni 

was applied to graphene nanoplatelets possessing a well-ordered structure, an intact sp2 basal plane, and 

oxygen functional groups concentrated exclusively at the edges. The absence of visualization techniques 

to observe such phenomena is a common issue in studies focused on spillover, as mentioned in [24]. 

However, the consistency between the theoretical assumptions and the experimental findings supports 

the proposed mechanism.  
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Up until now, the advantages of combining Ni with r(GO) have been demonstrated in the context of rGO-

modified Ni foam [23], as well as in the case of Ni deposited on rGO [21], [181]. To enhance the impacts 

of interfacing Ni and rGO, a Ni@rGO composite is prepared by electrochemically depositing it directly 

from an electrodeposition bath containing GO. Then its performance is compared to that of Ni deposited 

under identical conditions but without GO (Figure 5.18, a). The Ni@rGO electrode's activity is far higher 

than its pure Ni equivalent. The range of the positive shifts in the HER overpotential agrees with those 

reported in Figure 5.17 for Ni deposited on GO films prepared by drop-casting. Moreover, the 

morphology is different; for Ni (Figure 5.18, b), the resulting deposits appear dendritic, whereas Ni@rGO 

exhibits a flake-like morphology (Figure 5.18, c). In other words, the morphology of GO is preserved in 

the case of Ni@rGO, whereas Ni is deposited onto the surface of GO sheets. 

Whenever M@rGO composites are produced, either through electrodeposition of metal on drop-casted 

GO film or through co-deposition of metal and rGO, it is consistently observed that there is a lower 

amount of metal deposited in the rGO-containing deposits. Under constant current conditions, a portion 

of the charge is utilized to reduce GO, leading to a noticeable depolarization of the electrode during the 

electrodeposition process when GO is present. 

Due to these factors, the modest enhancements in HER activity achieved through the formation of the 

M|rGO interface would become significantly more notable if the currents were normalized with respect 

to the mass of the active metal. Another aspect to consider is ECSA. Despite the lower amount of 

deposited metal, it is possible that its dispersion is higher, which could contribute to an increased ECSA. 

Nevertheless, accurately determining the ECSA for all the metals investigated poses a challenge, mainly 

when deposited on rGO. When relying solely on capacitance measurements, it becomes impossible to 

differentiate between the response of the catalyst and that of the support material. Distinct dispersion 

characteristics of Ni can be observed in Figure 5.18 (b and c), with the presence of small particles 

becoming noticeable in the case of Ni@rGO. 

Nevertheless, cyclic voltammetry (Figure 5.18 (a), inset) reveals a comparable response of the two 

electrodes in the region of Ni oxidation, although the pure Ni electrode exhibits a slightly higher 

magnitude. This result provides clear evidence that the ECSAs of these two electrodes are highly similar, 

suggesting that the lower quantity of Ni in Ni@rGO is compensated by its enhanced dispersion. 

Furthermore, the HER activities depicted in Figure 6.18 (a) accurately depict the correlation between the 

intrinsic HER activities of Ni and Ni@rGO. Importantly, it should be emphasized that the mass-specific 

activity of Ni@rGO significantly surpasses that of the pure Ni electrode.   

In conclusion, we propose that the strategy of selecting metal catalyst-support combinations can be 

universally applied and generalized. In the first place, it should be noted that the conclusions obtained 

from KMC simulations hold true in both acidic and alkaline environments, provided that there is 

significant coverage of the catalyst by Hads during HER conditions. In these situations, the spillover 

process works well to increase HER activity. Therefore, to choose the catalyst-support combination, 

HBEs can be computationally screened. A significant body of literature has accumulated a wealth of 

reports that offer datasets encompassing HBEs, such as [26], [138]. These datasets and others can be 

utilized to expedite the search for novel catalyst-support combinations. Section 5.9 provides guidelines 

that can be flexibly applied, except the criterion about the disparity in binding energies between the 

catalyst and support. Overcoming a barrier larger than 0.65 eV is improbable unless high-temperature 

conditions are used. 
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(a)  

 
(b) (c) 

Figure 5.18 (a) HER polarization curves for simultaneously deposited Ni@rGO (Ni metal decorated with 

reduced graphene oxide) compared to pure Ni deposit. The inset shows cyclic voltammograms of these 

two electrodes. (b) Scanning Electron Microscope image of pure Ni deposits. (c) Scanning Electron 

Microscope image of Ni@rGO deposits (Ni metal decorated with reduced graphene oxide). 
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Chapter six - Conclusions  

In this thesis work, the main aim was to assess the applicability of hydrogen evolution reaction (HER) 

volcano curves for identifying active catalysts in the entire pH range. Moreover, the study is aimed to 

investigate whether the effects of interfacial processes, specifically hydrogen spillover, could be 

observed on the volcano curves to aid in identifying actively supported catalysts. Thus, the first part of 

the thesis work involves analyzing HER trends on metallic surfaces in different solutions spanning a 

wide pH range. Correlating HER overpotentials required for a specific current density with calculated 

hydrogen binding energies (HBEs) reveals the presence of HER volcano curves in the wide pH range. 

This suggests that HBE can serve as a descriptor for identifying active electrocatalysts across the entire 

pH range, including pH-neutral solutions, where Cr exhibits superior HER activity compared to W, Fe, 

and Co. The effect of electrolytes on the HER varies depending on the specific metal. Still, Pt stands out 

as the most active catalyst on freshly polished surfaces, maintaining its position at the peak of the volcano 

plot. Surface oxidation also plays a significant role in the HER activities, either enhancing or hindering 

the HER. Cr and W experience HER hindrance due to surface oxidation. On the other hand, Ni and Co 

benefit from surface oxidation in alkaline and pH-neutral solutions, which can be attributed to the 

enhanced dissociation of water at the metal-oxide interface. Notably, in a NaCl solution, the activity of 

Ni surpasses that of Pt after undergoing oxidation, leading to a shift of the HER volcano peak towards 

the cheaper Ni metal.  

In the second part of the thesis, Kinetic Monte Carlo (KMC) simulations are used to investigate whether 

HER can be accelerated using hydrogen spillover on the substrate. Based on the insights from KMC, a 

series of catalysts with reduced graphene oxide (rGO) as a support are synthesized. It is observed that 

the HER can be enhanced when the support material facilitates hydrogen spillover. The support materials 

do not have a positive effect in the case of weakly binding metals, Au, Ag, and Zn. In contrast, metals 

that exhibit stronger Hads binding affinity experience better HER activities when deposited on rGO. The 

volcano curve, constructed based on the measured HER activities vs. calculated H binding energies, 

retains its general shape. Notably, the impact of hydrogen spillover becomes evident on the strong 

binding branch of the volcano plot, resulting in a shift towards lower overpotentials for the HER. 
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Appendices  

Appendix  

Table A1. Roughness factors and hydrogen binding energies (HBE) for the investigated metals.  

Metals  Ag Au Co Cr Fe Ni Pt W Zn 

RF 17.7± 0.9 9 ± 2 9.9 ± 1.5 2.4 ± 0.2 3.4 ± 0.2 2.7 ± 0.2 6 ± 1 2.1 ± 0.2 24 ± 4 

HBE/eV1 0.26±  

0.03 

0.175± 

0.035 

−0.51± 

0.03 

−1.273± 

0.03 

−0.59± 

0.03 

−0.51± 

0.03 

−0.395± 

0.065 

−0.735± 

0.065 

0.39± 

0.03 
 1 We adopted a 30 meV uncertainty for the calculated HBE of Cr and Zn. This value aligns with the 

typical accuracy of the computational approach employed and is consistent with the scattering of data 

observed for other metals. 

Table A2. Experimental conditions for electrodeposition of M and M@rGO electrodes. All the used 

chemicals were of practical grade and were used without any further purification.  

Metal Electrodeposition bath Deposition conditions Deposition time / s 

Ag 

5×10−3 M AgI + 2 M KI in 

water (AgI is dissolved in 

excess KI), pH ≈ 7 

−0.5 A dm-2 

30 °C 40, 250 

Au 

0.05 M HAuCl4 + 0.42 M 

Na2SO3 + 0.42 M Na2S2O3 

+ 0.3 M Na2HPO4, pH ≈ 6 

−0.5 A dm-2 

60 °C 30, 60, 100, 300 

Co 

59.4 g dm−3 CoSO4×7H2O 

+ 12 g dm−3 Na2SO4 + 12 g 

dm−3 H3BO3 

−1.2 V vs. Ag/AgCl/KCl,  

room temperature 50, 75, 100, 300 

Fe 

300 g dm−3 FeSO4×7H2O 

+ 6 g dm−3 FeCl2×H2O + 

2.8 g dm-3 H3BO3; pH 

adjusted to 2.5 with 

H2SO4; 

−5 A dm-2,  

room temperature 

50, 100, 300 

Ni 
76 g dm-3 NiSO4×6H2O + 

12 g dm−3 H3BO3 

−1.2 V vs. Ag/AgCl/KCl,  

room temperature  
10, 30, 60, 100, 150, 200 

Pd 

100 g dm−3 PdCl2×4H2O + 

NH3 in excess + NH4Cl to 

pH ≈ 9 

−0.3 A dm-2 

room temperature  60, 100, 200, 300 

Pt 
20 g dm−3 H2[Pt(OH)6] + 

15 g dm−3 KOH 

−0.75 A dm-2 

75 °C 
10, 50, 100 

Zn 

300 g dm−3 ZnSO4 + 100 g 

dm−3 Na2SO4 + 8 g dm-3 

H2SO4 

−15 A dm-2 

room temperature 30 
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