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Research interests
Reactivity at (electrified) interfaces
Surface state: Fang, Ding, Zhang, Steinmann, Hu, Mao, Feliu, Tian J. Am. Chem. Soc. 2020, 142, 9439.
OER: Curutchet, Colinet, Michel, Steinmann, Le Bahers. Phys Chem Chem Phys 2020, 22, 7031.
HER: Abidi, Bonduelle, Steinmann ACS Appl Mater Interfaces 2020, 12, 31401.

Solid-state
g-CN: Li, Melissen, Le Bahers, Sautet, Masters, Steinmann, Maschmeyer, Chem. Mater. 2018, 30, 4253.
MoS3: Sahu, Steinmann, Raybaud, Cryst. Growth Des. 2020, 20, 7750.
MnO2: Manceau, Steinmann, ACS Earth Space Chem. 2023, 7, 1459.

Method development for solid/liquid interface
Force fields: Clabaut, Beisert, Michel, Steinmann J Chem. Phys. 2022, 157, 194705.
Solvation energy: Clabaut, Schweitzer, Goetz, Michel, Steinmann J Chem Theory Comput. 2020, 16, 6539.
Electrostatic embedding: Abidi, Steinmann, ACS Appl Mater Interfaces 2023, 15, 25009.
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How do noble metal electrocatalysts look like?
Esparza et al., Revista Matéria, 2008, 13, 579.

Steinmann, Seh, Nature Reviews Materials, 2021, 6, 289.
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Atomistic models for electrocatalysis?

Restructuring
Reactivity
Electrochemical potential

Abidi, Lim, Seh, Steinmann WIREs Comput Mol Sci 2020, e1499.
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Models in practice
Large nanoparticles 

➙ Periodic surface model
Electrochemical potential

Implicit: CHE

Explicit: GC-DFT

Solvent

None

Implicit 

QM/MM
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Grand-Canonical DFT
GC-DFT Mathew, Kolluru, Mula, Steinmann, Hennig, J. Chem. Phys. 2019, 151, 234101.

Abidi, Lim, Seh, Steinmann WIREs Comput Mol Sci 2020, e1499.

W(U) = E(q) – U×q U: potential
q: charge

E(q): Electronic energy at charge q

Poisson-Boltzmann Equation neuralizes q 
Implicit solvent + Electrolyte

Grand-Potential W : 
The energy of GC-DFT
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Grand-Canonical DFT
GC-DFT Mathew, Kolluru, Mula, Steinmann, Hennig, J. Chem. Phys. 2019, 151, 234101.

Abidi, Lim, Seh, Steinmann WIREs Comput Mol Sci 2020, e1499.

W(U) = E(q) – U×q U: potential
q: charge
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Grand-Canonical DFT in practice
OER over CoOOH Abidi, Lim, Seh, Steinmann WIREs Comput Mol Sci 2021, 11, e1499.

Curutchet, Colinet, Michel, Steinmann, Le Bahers. Phys Chem Chem Phys 2020, 22, 7031.

The impact of electrode polarization is system dependent
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How to model the water/metal interface?
H2O@Pt(111)

Diffusion at interfaces is slow:
~500 ps for equilibration

DFT for metals is costly
~140 kCPUh for 10 ps, est. 8 years for 500 ps

Interaction is neither weak nor strong
Problem for force fields

Interfaces are amorphous:
Large cells required
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Aromatics at Pt(111)/water interface
Solvation Effects Clabaut, Schweitzer, Goetz, Michel, Steinmann J Chem Theory Comput 2020, 16, 6539.

Données expérimentales de Singh, Campbell ACS Catal. 2019, 9. 8116.

➙ Semi-quantitative agreement between theory and experiment
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What about kinetics?
Transition states in electrocatalysis

Transition states determine the kinetics of reactions

Abidi, Steinmann Curr. Opin. Electrochem. 2022, 33, 100940. 

The number of atoms needs to be conserved from the reactant to the product

Chemical steps:  H* + CO2*  → HCOO*  ↦ “standard”
Electrochemical steps: H+ + e- + CO2* → HCOO*  ↦ non-standard
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(Electro-)chemical transition states
Transition states in electrocatalysis

Transition states determine the kinetics of reactions

Most computational work in electrocatalysis ignore transition states

“chemical” TS
“electrochemical” TS

Abidi, Steinmann Curr. Opin. Electrochem. 2022, 33, 100940. 
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Chemical steps
Transition states in electrocatalysis

Standard techniques in heterogeneous 
catalysis

2 weeks to 1 month of real time*

Abidi, Steinmann Curr. Opin. Electrochem. 2022, 33, 100940. 

*not 100% of human time
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Electrochemical steps
Transition states in electrocatalysis

Difficult to identify

1-3 month of real time*

solution-like TS

Abidi, Steinmann Curr. Opin. Electrochem. 2022, 33, 100940. 

*not 100% of human time
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Electrochemical steps
Transition states in electrocatalysis Abidi, Steinmann Curr. Opin. Electrochem. 2022, 33, 100940. 

solution-like TS

Reorganisation of:
- Solvent 
- Adsorbate@surface

 ➙ Marcus theory?
 ➙ Active research
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Oddly behaving transition states can be found
Transition states in electrocatalysis Goodpaster, Bell, Head-Gordon J. Phys. Chem. Lett. 2016, 7, 1471. 

potential:
stabilizes product

potential:
destabilizes TS
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HER mechanism on VS defect
HER over MoS2

Abidi, Bonduelle, Steinmann, Int. J. Hydrog. Energy 2023, 48, 8478.
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Importance of the surface state
EPOC: CH4 activation over Pt

Accelerating CH4 oxidation over Pt via an electrochemical potential

Panaritis, Hajar, Treps, Michel, Baranova Steinmann J. Phys. Chem. Lett. 2020, 11, 6976.

Surface state as a function of T and UEffective activation energy
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Partial take home message
Periodic surface models are most convenient

The effect of the electrochemical potential can be modeled with GC-DFT

Implicit solvents are very practical but have limitations

TS: rarely considered and painful to identify for electrochemical steps

The surface state changes dramatically as a function of the potential
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1. Sulfate on Au(111)

2. HER on MoS2: Screening of dopants

3. Structural complexity

4. Reaction pathways
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The gold sulfuric acid interface is prototypical
SO4@Au(111) Fang, Ding, Zhang, Steinmann, Hu, Mao, Feliu, Tian J. Am. Chem. Soc. 2020, 142, 9439.

Indication of a phase transition
➙ What is the structure?
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Experimental characterization of ordered phase
SO4@Au(111) Fang, Ding, Zhang, Steinmann, Hu, Mao, Feliu, Tian J. Am. Chem. Soc. 2020, 142, 9439.

EC-STM EC-IR EC-Raman (SHINER)

Characterization can barely be better
➙ But still, what is the atomic structure of this phase??
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Computational identification of ordered phase
SO4@Au(111) Fang, Ding, Zhang, Steinmann, Hu, Mao, Feliu, Tian J. Am. Chem. Soc. 2020, 142, 9439.

At positive potentials a very ordered
water/SO4 addlayer becomes most stable
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Experiment and computations agree!
SO4@Au(111) Fang, Ding, Zhang, Steinmann, Hu, Mao, Feliu, Tian J. Am. Chem. Soc. 2020, 142, 9439.

EC-IR

EC-Raman (SHINERS)
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Partial take home message

Microscopy and spectroscopy for electrified interfaces are challenging

When available: Interpretation not always obvious

Computations can “convert” signals into atomic structures

➙More insights for (electro-)chemists
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1. Sulfate on Au(111)

2. HER on MoS2: Screening of dopants

3. Structural complexity

4. Reaction pathways
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MoS2 as an Hydrogen Evolution Reaction Catalyst
Hydrogen evolution reaction on MoS2

Hinnemann, et al. J. Am. Chem. Soc. 2005, 127, 5308.
Benck et al., ACS Catal. 2014, 4, 3957. 

Biomimetic Hydrogen Evolution: MoS2 Nanoparticles as Catalyst for
Hydrogen Evolution

Berit Hinnemann, Poul Georg Moses, Jacob Bonde, Kristina P. Jørgensen, Jane H. Nielsen,
Sebastian Horch, Ib Chorkendorff, and Jens K. Nørskov*

Center for Atomic-scale Materials Physics, Department of Physics, NanoDTU, Technical UniVersity of Denmark,
DK-2800 Lyngby, Denmark

Received January 24, 2005; E-mail: norskov@fysik.dtu.dk

The electrochemical hydrogen evolution process whereby protons
and electrons are combined into molecular hydrogen is catalyzed
most effectively by the Pt group metals.1 The interest in hydrogen
evolution catalysts is currently increasing, as molecular hydrogen,
H2, is being considered as an energy carrier.2 Unlike the hydro-
carbon fuels used today, hydrogen produces only water during
oxidation, for instance in a fuel cell. For hydrogen to be a real
alternative to hydrocarbons, it must be produced in a sustainable
fashion. One possibility is to use sunlight directly or indirectly
(through wind power, for instance) to split water.2 This requires
an efficient catalyst for hydrogen evolution, preferably based on
materials that are cheap and abundant. It is therefore important to
find alternatives to the Pt group metals.
Hydrogenases and nitrogenases are also effective catalysts for

the hydrogen evolution process3,4 even though the catalytically
active site of these enzymes contains the much less noble metals
Fe, Ni, and Mo. Recently it has become possible to anchor
hydrogenase to an electrode surface,5 and considerable progress
has been made in the synthesis of compounds in solution resembling
the hydrogenase active site and showing activity for hydrogen
evolution.6
In the present communication, we use density functional calcula-

tions to guide us to a new inorganic analogue of the other hydrogen-
producing enzyme, nitrogenase. We analyze the difference between
the metallic and the biological catalysts and show that in terms of
being able to stabilize intermediates involving atomic hydrogen they
have very similar properties. This allows us to identify a parameter
determining whether a certain compound will be suitable as a
catalyst in electrochemical hydrogen evolution, and it provides an
efficient way to search for new systems.
Most water-splitting processes rely on electrochemical hydrogen

evolution 2H+ + 2e-f H2 in the final step. The hydrogen evolution
reaction must in the first step involve bonding of hydrogen to the
catalyst H+ + e- +* f H*, where * denotes a site on the surface
able to bind to hydrogen. The second step is the release of molecular
hydrogen through one of the two processes:1 2H* f H2 + 2* or
H+ + e- + H* f H2 + *.
Using density functional theory (DFT) calculations, we can

elucidate the thermochemistry (which is independent on the precise
mechanism of the second step) of the reaction; see Figure 1.7 By
calculating the free energy of atomic hydrogen bonding to the
catalyst, one can compare different metal surfaces as catalysts. For
a chemical process to proceed at or around room temperature, no
reaction step can be associated with large changes in the free energy.
This immediately excludes the metals that form strong bonds to
atomic hydrogen (Ni and Mo in Figure 1) as good catalysts because
the hydrogen release step will be slow. Metals that do not bind to
atomic hydrogen (Au in Figure 1) are also excluded because here
the proton/electron-transfer step will be thermodynamically uphill

and therefore slow. There could be extra energy barriers associated
with the proton-transfer steps or H2 recombination, but independent
of this it is a necessary, but not sufficient, criterion for a material
to be a good catalyst that the free energy of adsorbed H is close to
that of the reactant or product (i.e., ∆G°H = 0). This principle can
explain available experimental observations regarding metals as
catalysts and electrode materials for hydrogen evolution.7
It is interesting to apply the same analysis to the active sites in

nitrogenases and hydrogenases. For nitrogenase we have considered
the model of the active site, the FeMo cofactor (FeMoco) shown
in Figure 2.8 We find that hydrogen atoms can only bind
exothermically to the three equatorial sulfur ligands (µ2S ligands)
on the FeMoco. When the free energy of hydrogen atoms bound
to the equatorial sulfur of the FeMoco is included in Figure 1, it

Figure 1. Calculated free energy diagram for hydrogen evolution at a
potential U ) 0 relative to the standard hydrogen electrode at pH ) 0. The
free energy of H+ + e- is by definition the same as that of 1/2 H2 at standard
conditions. The free energy of H atoms bound to different catalysts is then
found by calculating the free energy with respect to molecular hydrogen
including zero-point energies and entropy terms. The comparison of different
elemental metals is taken from ref 7. The results for hydrogenase are from
ref 11. The included result for MoS2 is the free energy required to increase
the hydrogen coverage from 25 to 50%; see Figure 2.

Figure 2. (Left) Nitrogenase FeMo cofactor (FeMoco) with three hydrogen
atoms bound at the equatorial µ2S sulfur atoms. (Middle) Hydrogenase active
site with one hydrogen atom bound. The structure is taken from ref 11.
(Right) MoS2 slab with sulfur monomers present at the Mo edge. The
coverage is 50%, i.e., hydrogen is bound at every second sulfur atom. The
lines mark the dimension of the unit cell in the x-direction.
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classified into two main categories: water electrolysis and water
photolysis. Water electrolyzers, which include polymer electro-
lyte membrane (PEM), alkaline, and solid oxide electrolyzer
configurations, require energy input from an external source of
electricity to drive the water splitting process.19−21 Photo-
electrochemical (PEC) and photocatalytic water splitting
devices rely on semiconductor materials to absorb sunlight
and generate exited charge carriers, and can therefore split
water without an external electricity input.9,22 Regardless of the
device configuration, the overall water splitting reaction
remains the same:

→ +H O H 1
2

O2 2 2

This reaction requires an energy input of ΔG = 237.1 kJ/mol
at standard conditions, which corresponds to a thermodynamic
voltage requirement of 1.23 V.9,23,24 In a water splitting cell, the
hydrogen evolution reaction (HER) takes place at the cathode
and the oxygen evolution reaction (OER) takes place at the
anode. These reactions are shown below (Table 1) as they
occur in acidic electrolyte:

To split water efficiently, catalysts are required for both the
HER and the OER. Developments in OER catalysis have been
discussed elsewhere;9,25 in this perspective we focus on the
HER.
2.2. Hydrogen Evolution Reaction. The hydrogen

evolution reaction is thought to involve three possible reaction
steps (Table 2):26

The HER may occur via the Volmer−Heyrowsky mechanism
or the Volmer−Tafel mechanism. In both cases, the reaction
proceeds through hydrogen atoms adsorbed at the electrode
surface, Had, and thus the rate of the overall reaction is
influenced by the free energy of hydrogen adsorption, ΔGH, as
originally described by Parsons.27 If the hydrogen to surface
bond is too weak, the adsorption step will limit the overall
reaction rate. If the hydrogen to surface bond is too strong, the
reaction−desorption step will limit the overall reaction rate.
Optimal HER catalysts have hydrogen adsorption energies
close to ΔGH = 0, binding hydrogen neither too weakly nor too
strongly.16,17,28−30 This principle gives rise to the “volcano”
relationship in Figure 1, which shows the HER exchange
current (a measure of catalytic activity) as a function of ΔGH.
To maximize the rate of the HER, a catalyst with appropriate
surface properties must be employed. Several classes of
materials have been investigated as active HER catalysts,
including precious metals such as platinum, nickel alloys, metal
oxides, metal phosphides, and metal sulfides; many of these
efforts have been reviewed previously.9,31

2.3. Molybdenum Disulfide. MoS2 has many interesting
properties that allow it to be exploited as a lubricant,32 2D
transistor,33 and hydrodesulfurization catalyst,34 but this review
will focus on MoS2 as a HER catalyst. Interestingly, early work
on the electrochemistry of bulk MoS2 crystals by Tributsch35

and others suggested that this material is not an active HER
catalyst, but interest has been revived as studies have shown
that nanostructuring MoS2 materials can significantly improve
HER activity.36,37

Bulk MoS2 is a hexagonally packed layered structure, similar
to graphite, with a 6.5 Å van der Waals gap separating each
sheet as shown in Figure 2.38−40 As a result of this crystal
structure, MoS2 possesses a variety of distinct surface sites and
electron and hole mobilities approximately 2200 times faster
along a basal plane than perpendicularly between sheets.41 The
surface of bulk MoS2 primarily consists of the thermodynami-
cally favored basal plane sites, which are catalytically
inert.35,42,43 In contrast, the edges of MoS2 layers have high
activity for the HER.37

In their seminal work on MoS2 for the HER, Hinnemann and
co-workers calculated, using density functional theory (DFT),
that the Mo(1 ̅010) edge of MoS2 possesses a hydrogen binding
energy of approximately 0.08 eV at 50% H coverage, very close
to the optimum value of 0 eV.37 This binding energy is similar
to that observed on active precious metal catalysts, including
Pt.37 This work was inspired by enzymes such as hydrogenases
and nitrogenases, both of which are effective hydrogen
producing catalysts.44−46 Both of these classes of enzymes are
highly active, have hydrogen binding energies close to zero, and
possess motifs containing Mo, Ni, and Fe with under-

Table 1

hydrogen evolution reaction (HER) + →+ −2H 2e H2

oxygen evolution reaction (OER) → + ++ −H O 1
2

O 2H 2e2 2

Table 2

1 Volmer step + →+ −H e Had

2 Heyrovsky step + →+H H Had 2

3 Tafel step →2H Had 2

Figure 1. Exchange current density as a function of hydrogen
adsorption free energy for various HER catalyst materials. (a) The
experimental “volcano plot” for the HER is shown and Pt, with slightly
negative hydrogen absorption energy, has the highest HER activity.36

(b) The theoretical HER volcano, adapted from Parsons, predicts
catalysts with hydrogen binding energy equal to zero will have the
highest activity.27 Further details concerning metrics for catalyst
activity are given in section 3.1. Reproduced with permission.36

ACS Catalysis Perspective

dx.doi.org/10.1021/cs500923c | ACS Catal. 2014, 4, 3957−39713958

MoS2 is one of the best low-cost HER catalysts in acidic conditions
”one of the best”, but not a good one

results in a binding energy close to that of Pt. The FeMoco thus
complies with the ∆G°H = 0 requirement.9 A number of research-
ers have performed computational studies of hydrogenase,10,11 and
the results obtained by Siegbahn11 allow us to calculate the atomic
hydrogen adsorption free energy for a [NiFe]-hydrogenase system.
The Siegbahn model for the hydrogenase active site is shown in
Figure 2. When the free energy is included in Figure 1, one can
see that hydrogenase also fulfils the ∆G°H = 0 requirement and
fulfils it best for all considered systems.9
We therefore conclude that ∆G°H is a good descriptor of

materials that can catalyze hydrogen evolution and applies to a
broad range of systems, both metals and enzymes. This means that
we can use the same calculations to search for other systems, which
could be candidates as catalysts for hydrogen evolution. One
compound we have found computationally to obey the criterion is
MoS2; see Figure 1. Comparing the nitrogenase active site and the
MoS2 edge structure, we see that they bear a close resemblance, as
shown in Figure 2. In both structures, the sulfur atom, which binds
the hydrogen, is 2-fold coordinated to metal atoms, either to
molybdenum or to iron. Only the edges of MoS2 are interesting in
this context, as the basal plane of MoS2 is catalytically inactive.12
The first H that bonds to the edge is strongly bound, but at an H
coverage above 0.25, the differential free energy of adsorption is
0.1 eV. According to the calculations, additional H atoms should
then be able to adsorb with a low barrier or, equivalently, a low
overpotential of the order 0.1 V. A good material would be
nanometer-large MoS2 crystallites supported on, for example,
graphite, which is conducting but otherwise inert. Such materials
are used as catalysts for hydrotreating (hydrogenation of sulfur
compounds in crude oil13), and methods for their preparation can
be found in the literature.14 It is indeed possible to prepare nanosized
MoS2 clusters on a graphite support, as can be seen in the scanning
tunnel microscope (STM) image shown in Figure 3. The MoS2
nanoparticles are approximately 4 nm in diameter and 1 nm in
apparent height, and nucleate along the graphitic steps.
We have tested experimentally whether MoS2 nanoparticles

supported on carbon can be used as catalyst for electrochemical
hydrogen evolution. This was done by preparing a membrane
electrode assembly (MEA), based on a Nafion proton exchange
membrane, with a standard platinum electrode on one side and a

MoS2/graphite electrode on the other side. By having the same
hydrogen pressure on both sides, we could make the electrochemical
measurements using a Parstat 2273 potentiostat resulting in the I-V
curve shown in Figure 3. The experimental approach has been used
successfully in other studies.15 The conditions of the experiment
correspond to pH ) 0 as in the calculations. As shown in Figure
3, MoS2/graphite is a quite reasonable material for hydrogen
evolution with an overpotential in the range 0.1-0.2 V.
We note that MoS2 has been found to be a promoter for the

hydrogen evolution activity of NiSx electrodes,16 which can be
understood from our findings. Furthermore, MoS2 has been tested
for photocatalytic hydrogen evolution and shows activity but with
significantly lower currents.17
Our findings suggest that we can begin searching for new

catalytic materials using quantum chemical methods. The MoS2
nanoparticles supported on graphite may be an example of a new
class of electrode materials.
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AÄ .; Łodziana, Z.; Nørskov, J. K.; Li, W. X.; Hammer, B.; Longwitz, S.
R.; Schnadt, J.; Vestergaard, E. K.; Vang, R. T.; Besenbacher, F. Fuel
Cells 2004, 4, 309.

(16) Nidola, A.; Schira, R. Int. J. Hydrogen Energy 1986, 11, 449.
(17) Sobczynski, A. J. Catal. 1991, 131, 156.

JA0504690

Figure 3. (Left) Polarization curve for hydrogen evolution on Pt, daihope
C-support, and MoS2 cathodes. The polarization curves for Pt and C support
are made at 25 °C. The potentials are measured with respect to a carbon-
supported Pt anode in a proton exchange membrane electrode assembly.
(Right) STM images of MoS2 nanoparticles on modified graphite.
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Can We Activate the Basal Plane?
Hydrogen Evolution Reaction on MoS2

Abidi, Bonduelle, Steinmann, Electrochim. Acta 2023, 439, 141653.

Doping stability is one of the key issues
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Can We Activate the Basal Plane?
Hydrogen Evolution Reaction on MoS2

Abidi, Bonduelle, Steinmann, Electrochim. Acta 2023, 439, 141653.
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At -0.2 V vs SHE:
few dopants create active sites:

Mo/P via OH/H2O cycling
Ti2/S, Hf2/S and Zr2/S via Volmer-Heyrovsky

~1 year PhD
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Partial take home message

Material screening 
Computers are patient and non-intelligent
Strong and necessary assumptions limit the scope

Do not forget about stability

➙Computationally expensive and not always that useful
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1. Sulfate on Au(111)

2. HER on MoS2: Screening of dopants

3. Structural complexity

4. Reaction pathways
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Alloy Re-Organization under Reactive Conditions
C2H2@AgxPd1-x(111)

In-plane
Island formation

Vertical
Segregation

Random

Ordered

Vignola, Steinmann, Le Mapihan, Vandegehuchte, Curulla, Sautet, J. Phys. Chem. C 2018, 122, 15456.



33

Cluster expansion of alloy arrangement
C2H2@AgxPd1-x(111)

Refined model: quantitative 
improvement, but same trends

0

0.5

1

1.5

0 0.5 1 1.5

C
E

E
ne

rg
y/

eV

DFT Energy/eV

(111) surface; 5 parameters; R2 = 0.756
(111) surface; 12 parameters; R2 = 0.861

226 DFT configurations bare alloy
150 configurations with 1 C2H2
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Vignola, Steinmann, Le Mapihan, Vandegehuchte, Curulla, Sautet, J. Phys. Chem. C 2018, 122, 15456.
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Typical Configuration of Ag0.76Pd0.24 @ 1 bar of C2H2

C2H2@AgxPd1-x(111)

Pd: Covered with C2H2 Ag: Acts as spacer

Dense packing:
Lateral Interaction are key

Vignola, Steinmann, Le Mapihan, Vandegehuchte, Curulla, Sautet, J. Phys. Chem. C 2018, 122, 15456.
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Typical Configuration of Ag0.76Pd0.24 @ 1 bar of C2H2

C2H2@AgxPd1-x(111)

Pd: Covered with C2H2 Ag: Acts as spacer

Dense packing:
Lateral Interaction are key

Vignola, Steinmann, Le Mapihan, Vandegehuchte, Curulla, Sautet, J. Phys. Chem. C 2018, 122, 15456.
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Increasing the Number of Edge Sites?
Hydrogen Evolution Reaction on MoS3

Abidi, Sahu, Raybaud, Steinmann, ACS Catalysis 2023, 13, 15290.

Highly dispersed, amorphous MoS2 – or – MoS3 has many edge-sites

Amorphous, building block look like:

Sahu, Steinmann, Raybaud, Cryst. Growth Des. 2020, 20, 7750.

al in lithium-ion batteries.[17] Furthermore, it was re-
cently reported by Hu and other groups that this
form of MoS2 is a highly active electrocatalyst for
HER.[8b, 18] Although Mo edge sites of 2H-MoS2 have
been experimentally identified as the active HER
sites, the question of what causes the superior cata-
lytic performances of 1T and amorphous phase MoS2

remains unclear, which adds to the challenge of un-
raveling the HER mechanism in amorphous
MoS2.[11, 17b,c, 19]

Here, we show how the structure and surface
properties of 2H, 1T, and amorphous MoS2 influence
the HER activity and stability by a combined theory
as well as ex situ and operando X-ray spectroscopy
approach. In comparison to 2H-MoS2, shorter Mǒ S
and MoˇMo bonds were observed in both 1T and
amorphous MoS2 thin film electrodes. Besides, both
core level Mo 3d and valence band photoemission
spectra indicate that 1T and amorphous phase MoS2

exhibit a similar electronic structure. The short
Mǒ Mo bond in 1T phase MoS2 is caused by lithium
intercalation and gradually changes back to the 2H
phase accompanied by a decrease in HER activity at
high overpotentials. By contrast, amorphous MoS2

(Am-MoS2) retains its intrinsic (short) Mǒ S and
Mǒ Mo bond structure as well as high HER activity after 24 h
electrochemical testing under the same conditions. Electro-
chemical operando X-ray absorption spectroscopy was per-
formed to probe the local bond and electronic structure of
MoS2 under HER conditions. The results show that the ob-
served short MoˇMo bonds play a key role in determining the
activity of both 1T and amorphous phase MoS2 electrocatalysts
for HER.

2H and amorphous MoS2 films were prepared by plasma-
enhanced atomic layer deposition (PEALD) on glassy carbon
plates at 450 and 250 8C, respectively, whereas the 1T phase
was synthesized by lithium intercalation of the as-deposited
2H-MoS2 (see the Supporting Information for details). The HER
electrocatalytic activity of as-prepared MoS2 films was assessed
in 0.1 m H2SO4 in a typical three-electrode electrochemical cell.
As shown in Figure 1, both cyclic voltammetry (CV) and linear
sweep voltammetry (LSV) curves present higher current densi-
ties for 1T and amorphous MoS2, as compared to the 2H
phase. However, even though 1T and amorphous MoS2 have
comparable current densities initially, the catalytic activity of
the 1T phase gradually decreases during the stability test,
whereas Am-MoS2 maintained its higher initial activity (Fig-
ure 1 d). This particular behavior led us to investigate further
the electronic and structural properties of the materials.

We used X-ray absorption spectroscopy at the Mo K-edge to
probe the electronic as well as local geometric structure of
these films. Ex situ X-ray absorption near-edge spectra (XANES)
of MoS2 films before and after HER stability tests recorded
under a grazing incidence angle of 0.38 (grazing incidence X-
ray absorption spectroscopy)[23] are shown in Figure 2. The sup-
pression of features A and D in 1T (Figure 2 d) compared to
2H-MoS2 emphasizes its distinct bond structure. Importantly,

features A and D reappear for 1T-MoS2 after 24 h HER stability
testing, which implies that the 1T phase is not stable under
the HER conditions and gradually changes back to 2H-MoS2.
Feature D is absent for the amorphous phase MoS2 both
before and after the HER, indicating its stable bond structure
(Figure 2 g), which is in contrast to 2H-MoS2. Absorption edge
features in the XANES spectra are very sensitive to the elec-
tronic properties of the atoms being probed:[20] the less ex-
pressed shoulder at the edge and the shift of the white line
for 1T-MoS2 compared to 2H-MoS2 are indicative of the struc-
tural differences. Simulations of the Mo-K edge XANES spectra
of MoS2 with hexagonal (2H phase) and monoclinic (1T phase
with Li intercalation) symmetry were performed to understand
these differences. The red curves (Figure 2 j, k) represent calcu-
lated spectra based on the model structure and the blue
curves are calculated taking into account broadening by core-
hole lifetime effects.[21] The fitted XANES spectra in both cases
reproduce the experimental features of 2H- and 1T-MoS2 well,
which confirms their assignment. As monoclinic MoS2 shows
octahedral Mo coordination with a shorter bond distance than
2H-MoS2 upon Li intercalation, we may conclude that the as-
prepared 1T-MoS2 in this study has a distorted bond structure.
For further comparison, ex situ grazing incidence extended X-
ray fine structure (GI-EXAFS) data of MoS2 films were recorded
before and after stability measurements. The Fourier transform
(FT) profiles in R-space (Figure 2 b, c) present two main peaks
at 2.40 ä and 3.16 ä (Table 1) corresponding to the nearest
Mǒ S and MoˇMo bonds, respectively. The coordination
number (CN) values shown in Table 1 suggest that there is no
complete shell of S atoms around the central Mo at the surface
of the MoS2 films, which can be due to termination by Mo
edges or oxidation by emersion from the electrolyte and air ex-

Figure 1. a, b) Cyclic voltammetry (CV; a) and linear sweep voltammetry (LSV; b) curves of
2H-, 1T-, and Am-MoS2 films corrected by uncompensated resistance with scan rates of
50 mV sˇ1 for CV and 5 mV sˇ1 for LSV. c) Tafel slopes obtained from LSV curves in (b).
d) Chronopotentiometric responses (V–t) recorded at a constant current density of
3 mA cmˇ2. Electrolyte: 0.1 m H2SO4.
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How Stable is MoS3 under HER Conditions?
Hydrogen Evolution Reaction on MoS3
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14

Desorption of at least 1 H2S is easy, even at 0 V vs SHE, pH 0

Abidi, Sahu, Raybaud, Steinmann, ACS Catalysis 2023, 13, 15290.
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Hybrid material for oxidation of water and urea
OER on hybrid material

Ni foam is not very active
Ni3S2 (NS3) overlayer      → Small improvement
manganese cobalt oxide (MCO) overlayer → improvement
Covering MCO with Ni3S2 → even better, but why?

Adhikari, Steinmann, Arunachalam, Kang, Kim Small 2024, 20, 2311548. 
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Reaction energy profile of OER
OER on hybrid material
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Reaction energy profile of OER
OER on hybrid material

Δ
G

/e
V

Reaction coordinate

0.4

0.2

0.0

-0.2

-0.4

-0.6

-0.8

-1.0

0.0
0.0

-0.7

-0.9

-0.3

-0.6

0.00.0

-0.1

-0.5

-0.3

-0.2

-0.4

0.00.0

0.2

-1.0

-0.1 -0.1

0.0

H2O(g)

0.0

H2O*

0.1

OH*

-0.6

O*
-0.2

OOH*

0.5

O2*

-0.7

O2(g)

0.0

MCO
Ni3S2
MCO@Ni3S2
oxMCO@Ni3S2

MCO oxNi3S2@MCO

Surface oxidation
Surface oxidation

high in energy

Ni3S2 is not stable under OER conditions
NiOOH would be a better model

Conductivity and active surface area explain high experimental performance

120 kCPUh
~5000 €

Adhikari, Steinmann, Arunachalam, Kang, Kim Small 2024, 20, 2311548. 



41

Partial take home message

Structural complexity
Each system is different
Models, scope and confidence vary a lot

Amorphous structures are the worst for computational (electro-)chemists

Computations do not always lead to the expected insight
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1. Sulfate on Au(111)

2. HER on MoS2: Screening of dopants

3. Structural complexity

4. Reaction pathways
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Revisited mechanism for alkaline OER with GC-DFT
OER over CoOOH Curutchet, Colinet, Michel, Steinmann, Le Bahers. Phys Chem Chem Phys 2020, 22, 7031.
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Considering barriers and overpotentials, mechanism III is likely 
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Revisited mechanism for alkaline OER with GC-DFT
OER over CoOOH Curutchet, Colinet, Michel, Steinmann, Le Bahers. Phys Chem Chem Phys 2020, 22, 7031.
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~1 year PhD
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HER mechanism on VS defect
HER over MoS2
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Abidi, Bonduelle, Steinmann, Int. J. Hydrog. Energy 2023, 48, 8478.
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Activation energies from Grand-Canonical DFT
HER over MoS2

TS1VI:

TS2HeyI: TS4HeyII:

TS3VII:

TS5T:

V: Volmer
Hey: Heyrovsky
T: Tafel

TS: Transition state

Limiting
~0.8 eV barrier

Abidi, Bonduelle, Steinmann, Int. J. Hydrog. Energy 2023, 48, 8478.
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Activation energies from Grand-Canonical DFT
HER over MoS2

TS1VI:

TS2HeyI: TS4HeyII:

TS3VII:

TS5T:

V: Volmer
Hey: Heyrovsky
T: Tafel

TS: Transition state

~1 year PhD

Abidi, Bonduelle, Steinmann, Int. J. Hydrog. Energy 2023, 48, 8478.
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Partial take home message

Reaction pathways 
Time consuming

Detailed insight, sometimes hard to (in-)validate by experiments

Activation energies are necessary for detailed mechanisms

Symmetry factors can be computed - but with which precision?
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Conclusions

Delicate competition between ”chemical” vs “electrochemical” reactions
➙ Can be addressed by GC-DFT

Amorphous or ill-characterized materials 
➙ Structural complexity = major bottleneck

In many cases computational studies are neither cheap nor fast

➙ Developments are necessary for modelling solid/liquid interfaces
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Cluster Expansion of Adsorption Energy
C2H2@AgxPd1-x(111)

Refined model: 
Spreads between ensembles is important for Pd2Ag and Pd3
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Cluster Expansion of Lateral Interaction Energy
C2H2@AgxPd1-x(111)
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