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Naoki Shida , Mahito Atobe , Ulrike Krewer , Model-assisted Identification of the Reaction Mech-
anism and Kinetics of Cyclohexanone Reduction in a PEM-Cell, Electrochimica Acta (2026), doi:
https://doi.org/10.1016/j.electacta.2026.149612

This is a PDF of an article that has undergone enhancements after acceptance, such as the ad-
dition of a cover page and metadata, and formatting for readability. This version will undergo addi-
tional copyediting, typesetting and review before it is published in its final form. As such, this ver-
sion is no longer the Accepted Manuscript, but it is not yet the definitive Version of Record; we are
providing this early version to give early visibility of the article. Please note that Elsevier’s sharing
policy for the Published Journal Article applies to this version, see: https://www.elsevier.com/about/
policies-and-standards/sharing#4-published-journal-article. Please also note that, during the produc-
tion process, errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.

© 2026 Published by Elsevier Ltd.

https://doi.org/10.1016/j.electacta.2026.149612
https://doi.org/10.1016/j.electacta.2026.149612
https://doi.org/10.1016/j.electacta.2026.149612
https://www.elsevier.com/about/policies-and-standards/sharing#4-published-journal-article
https://www.elsevier.com/about/policies-and-standards/sharing#4-published-journal-article
https://www.elsevier.com/about/policies-and-standards/sharing#4-published-journal-article
https://www.elsevier.com/about/policies-and-standards/sharing#4-published-journal-article


1 

Highlights 

 Experimentally validated kinetic model identifies the reaction mechanism for ketone reduction 

 Ketone adsorption and alcohol desorption identified as key kinetic limitations. 

 Slow alcohol desorption and competitive HER govern efficiency at higher current densities. 

 Simulations predict improved Faradaic efficiency with increased surface area or ketone 

concentration. 
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Abstract: 

The kinetics of electroorganic synthesis reactions is usually not analyzed, which prevents knowledge-

driven design and operation. This study examines the electrochemical cis-selective reduction of 4-tert-

butylcyclohexanone to 4-tert-butylcyclohexanol using an Rh/C catalyst in a proton exchange membrane 

(PEM) cell. The reaction mechanism and kinetics are identified using a combination of experimental 

cyclic voltammetry (CV) and model-based kinetic analysis. Among three proposed reaction mechanisms 

– one based on Langmuir-Hinshelwood and two based on Eley-Rideal theory – the Langmuir-

Hinshelwood-type mechanism (LHM), involving the reaction of adsorbed 4-tert-butylcyclohexanone 

with adsorbed hydrogen,  was identified as the most plausible. Dynamic simulations based on the LHM 

showed strong agreement with the experimental data, accurately capturing key electrochemical features 

and reproducing Faradaic efficiencies. The kinetic model accounts for reaction kinetics for the 

electroreduction and the competitive hydrogen evolution reaction, as well as mass transport 

processes. Our findings highlight that ketone adsorption influences both catalytic activity and selectivity, 

whereas alcohol desorption is identified as the rate-limiting step. The accumulation of alcohol at the 

catalyst surface reduces active site availability and promotes H2 evolution, thereby lowering Faradaic 

efficiency at higher current densities. Simulations under steady-state conditions predict that increasing 
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ketone concentrations reduces side reactions and increase the Faraday efficiency for the desired product. 

These insights emphasize the importance of optimizing catalyst properties to enhance overall conversion 

rate, and of maintaining high ketone concentration to achieve high selectivity, energy efficiency, and 

Faradaic efficiency. Kinetic analysis is thus shown to be a powerful prerequisite for understanding and 

improving synthesis processes. 

Keywords: electrosynthesis, electrochemical reaction kinetics, reaction mechanism, kinetic modeling, 

process optimization 
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1. Introduction 

Organic electrochemistry is a potential enabler for the electrification of the chemical industry and its 

transition to more sustainable processes: by using renewable electricity as a reactant, it offers a sustainable 

alternative to traditional synthesis methods that often rely on hazardous and toxic chemicals.[1–3]  

The diastereoselective electrochemical reduction of cyclic ketones to alcohols is of particular interest as 

the resulting products are essential building blocks in the synthesis of fragrances and pharmaceuticals.[4–

6] An important example is 4-tert-butylcyclohexanol 2a, which is produced at annual scales, exceeding 

1,000 tons, and is widely utilized in cosmetics, soaps, and various domestic products.  

The cis-isomer is more valuable than the trans-isomer, due to its better aromatic characteristics. Thus, a 

diastereoselective synthesis method is required.[7] Many homogeneous and heterogeneous synthesis 

methods using a catalyst and H2 gas face challenges in achieving high yields and selectivity.[8–10]  

While homogeneous catalysts can offer excellent intrinsic activity and selectivity, heterogeneous 

electrocatalysts are attractive for practical, scalable operation and straightforward product separation.  

Several electrosynthesis methods have been explored for the reduction of cyclic ketones to alcohols: the 

1,4-reduction of α,β-unsaturated ketones using ammonium chloride,[11] the reductive cyclization of non-

conjugated acetylenic ketones to 2-methylenecyclopentanols,[12] the deoxygenative reduction of ketones 

using paired electrolysis,[13] cerium- and nickel-mediated synthesis methods,[14] as well as 

stereoselective approaches.[15] 

Recently, Atobe and co-workers reported the diastereoselective electrochemical reduction of 

cyclohexanones on various noble metal catalysts in a Proton Exchange Membrane (PEM) cell (Fig. 

1)[16]. 

Fig. 1. Electrocatalytic hydrogenation of 4-tert-butylcyclohexanone (1a) to cis- and trans-4-tert-butylcyclohexanol (2a) on 

Rh/C.[16] 
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Using Rh on carbon support and cyclohexane as solvent, 4-tert-butylcyclohexanone 1a was reduced in 

the presence of protons to 4-tert-butylcyclohexanol 2a with up to 94% cis-selectivity and 93% current 

efficiency. 

Water oxidation was employed as the anodic counter-reaction, supplying the required protons through the 

Nafion membrane to the cathode. Besides the desired alcohol, H2 is produced as a byproduct. 

This approach is highly efficient and sustainable, enabling gram-scale production of high-value cis-4-

tert-butylcyclohexanol 2a (5 g in 76 h) via continuous circular flow in a single PEM cell, consuming only 

electrical energy, 1a, and water, without the need for H₂ gas. Further, their setup operates under mild 

conditions, ambient temperature and pressure, and does not require a supporting electrolyte.[17–24] 

While this method uniquely combines high cis‑selectivity, sustainability, and operational simplicity, the 

current densities reported (12-36 mA cm⁻²) are modest compared with those of conventional PEM 

water‑electrolysis systems, which routinely operate above 1 A cm⁻².[25,26] This highlights the need to 

further optimize catalytic activity and surface interactions to fully realize the potential of this concept for 

scalable applications. However, the exact reaction mechanism, kinetics, and their resulting limitations are 

still unclear. Understanding all reactions quantitatively, as well as the interactions between reactions and 

mass transport, is essential for targeted optimization of synthesis, cell, and operating conditions in terms 

of conversion rate, selectivity, and energy efficiency. In their previous study, Shimizu et al. have 

emphasized the role of adsorption geometry in determining diastereoselectivity, suggesting that surface 

interactions play a decisive role in product distribution, while the kinetic implications of surface 

interactions remain largely unexplored.[16] Questions remain about the specific pathways and 

intermediates involved,  highlighting the need for a kinetic analysis that systematically and quantitatively 

investigates the role of surface processes and operating conditions on the overall performance of the 

reaction. Mechanistic frameworks such as Langmuir-Hinshelwood and Eley-Rideal offer a physically 

consistent basis for analysing surface reactions, incorporating adsorption, surface coverage, and the nature 

of reactive encounters.[27] Previous studies have demonstrated that distinguishing between these 
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mechanisms is not only conceptually important but also experimentally and computationally feasible, and 

remains an actively pursued objective in surface heterogeneous kinetics.[28,29] 

Dynamic kinetic modeling and simulation is an efficient tool for evaluating and discriminating between 

different reaction pathways and kinetics, and the impact of transport processes.[30–32] Once a suitable 

model is established, electrochemical measurements, like cyclic voltammograms (CVs), can be 

interpreted more quantitatively and can be used as a diagnostic tool to guide further optimization.[33–36] 

Despite their potential, such modeling approaches have rarely been applied to electro-organic synthesis. 

Simulations of large organic molecules remain scarce, with only a few studies employing molecular 

simulations, computational fluid dynamics, or potential-dependent kinetic models. A recent review by 

Röse et al. provides an overview of the available modeling strategies.[3]  

This study introduces the first dynamic kinetic model for the electrochemical reduction of 4-tert-

butylcyclohexanone 1a in a PEM cell. By combining the analysis of experimental CVs and dynamic 

kinetic modeling and simulations, we identify the most plausible reaction pathway and the role of 

adsorption, species interaction, transport, and potential. In addition, we demonstrate that the model can 

be applied to steady‑state simulations and used to forecast how changes in operating parameters influence 

current efficiency and product selectivity under practical conditions. This work advances mechanistic 

insight and furnishes a predictive platform for the rational optimization of electrochemical ketone 

reductions.  

2. Methodology 

This section outlines experimental methods, mechanistic assumptions, and the applied kinetic model. 

2.1. Materials and Equipment 

Reagents and solvents were purchased from commercial sources and were used without further 

purification. Nafion® 117 membrane was purchased from Furukawa Agency and Nafion® DE521 

ionomer was purchased from Sigma-Aldrich. Fuel cell catalysts TEC10E50E; Pt/Ketjenblack 
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(Pt/C; 46.1 wt.%) and TECRh(ONLY)E30; Rh/Ketjenblack (Rh/C; 28.9 wt.%), were purchased 

from Tanaka Kikinzoku Kogyo.  Carbon paper (Sigracet® GDL39BB, PTFE/carbon fiber 

backbone with microporous layer (MPL)) was purchased from SGL CARBON. Electrolysis under 

single-flow operation was performed with a syringe pump (KDS100, KD Scientific). Cyclic 

voltammetry and electrochemical impedance spectroscopy were performed on an electrochemical 

analyzer (ALS/CH Instruments 660E, BAS). Scanning electron microscopy (SEM) measurements 

were carried out with a VE-8800 microscope (KEYENCE) operated at 10 kV. 

2.2. Membrane Electrode and Cell Assembly  

Pt/C was used as anode catalyst material, and Rh/C was used as cathode catalyst material. Catalyst 

inks were prepared by mixing the catalyst with deionized water, ionomer, and 1-propanol. The 

ionomer-to-carbon support mass ratio was 4:5. The microporous layer of the carbon paper was 

coated with the catalyst ink using a stainless-steel mask (1 cm x 4 cm). The catalyst loading of 

each metal catalyst was 0.5 mg cm-2 for anode and cathode.  Afterward, the coating was dried for 

10 min at 60 °C and then hot-pressed (0.4 MPa, 120 °C) for 1 min. The membrane electrode 

assembly (MEA) was done by placing the membrane (3.5 cm x 10 cm) between the coated anode 

and cathode carbon paper sheets with the catalyst-coated sides towards the membrane, and the 

assembly was hot-pressed (0.4 MPa, 120 °C) for 1 min. The cross-sectional SEM image of the 

coated carbon paper anode (Fig. 2A) was taken before hot-pressing the MEA and shows a catalyst 

layer thickness of 40 μm over the MPL (55 μm) and the PTFE/carbon fiber backbone (294 μm).  

 

Fig. 2. SEM Image (A) of the anode with catalyst layer, MPL and carbon fiber backing prior to hot pressing. The 

elemental mapping (B) shows the distribution of Rh catalyst throughout the layers.  

 

A B 
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Based on these layer thicknesses and the manufacturer-provided compression behavior under the 

applied assembly conditions the post-pressing layer thicknesses were approximated for modeling 

(Table S2).  

The element mapping indicates that most of the Rh catalyst is located above the MPL, with only 

a few particles inside the porous electrode (Fig. 2B).  

The PEM cell was assembled by placing the MEA in between Teflon® gaskets, carbon separators, and 

gold-plated stainless-steel plates on each side and tightened with screws (M6) to 3.0 Nm using a torque 

wrench. The cathode end plate was connected to a syringe pump for supplying 4-tert-butylcyclohexanone 

1a in cyclohexane. The anode end plate was attached to a mass flow controller supplying the anode 

constantly with humidified H2/N2 (20:80 vol%). The anode configuration (Pt + H2|2H+) serves as 

dynamic hydrogen reference electrode (DHE). [16,37] Due to the fast hydrogen oxidation reaction (HOR) 

kinetics on Pt and the low current densities employed (< 30 mA cm-2), the DHE potential was assumed 

to remain close to the equilibrium H2/H
+ potential throughout the experiments; further, both electrodes 

see the same electrolyte concentration. Consequently, all electrode potentials discussed in this work are 

reported on the RHE scale.  

2.3. Electrochemical Measurements 

Cyclic voltammetry (CV) was performed using the Rh/C coated cathode as working electrode and the 

Pt/C coated anode as the DHE (corresponding to the RHE scale). At the cathode, 4-tert-butylcyclohexane 

in cyclohexane (0 M, 0.01 M, 0.05 M, 1M) was supplied by a syringe pump with a flow rate of 4 mL h−1, 

whereas humidified H2 (100 vol%) was provided to the anode with a flow rate of 50 mL min−1. The cell 

temperature was set to room temperature. Cyclic voltammograms were measured in the potential range 

from −0.15 to 0.4 V vs. RHE at scan rates of 10, 5, and 1 mV s−1. Electrochemical impedance spectroscopy 

was performed at −0.1 V vs. RHE from 100 kHz to 0.1 Hz using an amplitude of 0.5 mV. Membrane 

resistances were determined before each experimental series by supplying humidified H2 (100 vol%) to 
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anode and cathode for 1 h and measuring the ionic resistance by EIS. The ohmic resistance, attributed 

mainly to the membrane due to negligible electric losses and thin electrode layers compared to the 

membrane, was taken from the high-frequency intercept of the Nyquist plot for iR-correction. 

2.4. Reaction Mechanisms 

2.4.1. Proposed Mechanisms  

Only H2 and cis- and trans-isomers of 4-tert-butylcyclohexanol 2a (C10H20O, subsequently referred 

to as alcohol) were found as products, suggesting HER and the conversion of 4-tert-

butylcyclohexanone 1a (C10H18O, subsequently referred to as ketone) to alcohol as reactions, as 

cyclohexane (C6H12) does not react.[16] As the surface is known to play a role in the kinetics, we 

evaluate whether the ketone or proton, or both, need to be adsorbed for the alcohol production.[16] 

Furthermore, C6H12 adsorption on Rh is assumed to be negligible.[16]  This is further supported 

by Garcia-Pintos et al., who report weak adsorption energies for C6H12 on Rh.[38] We propose 

three possible reaction mechanisms for the electrochemical reduction of ketone to alcohol based 

on the theories of Langmuir-Hinshelwood (LHM) and Eley-Rideal (ERM1 and ERM2, Fig. 

3).[27] The mechanisms assume different adsorption behavior of the substrates on the Rh catalyst 

surface. The Langmuir-Hinshelwood Mechanism assumes the adsorption of both reactants, ketone 

and protons, at the catalyst surface. Protons get electrochemically reduced to adsorbed hydrogen 

atoms in a Volmer-step. In a surface-controlled reaction sequence, hydrogen atoms and ketone 

react to adsorbed alcohol, which then desorbs from the surface. Additionally, the adsorbed 

hydrogen (*H) can react to H2 and desorb in a Tafel step. The two Eley-Rideal mechanisms (ERM 

1 and 2) assume that only one of the reactants adsorbs on the Rh surface, whereas the other one 

reacts from the solution or the ionomer with the adsorbed intermediate. In ERM1, only protons 

adsorb electrochemically in a Volmer-step to hydrogen atoms, which react with the dissolved 

ketone in a purely chemical step to form adsorbed alcohol. In ERM2, only the ketone is adsorbed 

and reacts in two successive proton-coupled electron transfer steps with an adsorbed radical as 
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intermediate to form the product. The desorption of the radical is not considered, as it was not 

detected experimentally in solution.[16] The introduction of the intermediate is based on the 

methodological decision to decompose the mechanism into elementary steps. Further, transfer of 

two electrons in a single step is highly unlikely for electrochemical reactions.[39] Both ERM1 and 

ERM2 consider the desorption of the alcohol and the replenishment of the free surface site (*= 

Rh/C). Since H2 is experimentally detectable[16] and Rh sits near the top of the HER volcano plot 

due to its near-optimal hydrogen adsorption energy[40], we assume that the hydrogen evolution 

reaction (HER) takes place as a competing reaction. The associated H2 formation and the 

electrochemical H+ reduction are included in the schemes in Figure 3. The full reaction equations 

are given in the supportive information in Tab. S4-6. 

2.4.2. Mechanism and Kinetics Identification  

The here applied scenario-based model identification is based on previously published approaches for 

oxygen evolution by Geppert et al.[31] and sulfur reduction by Schön et al.[41]. Dynamic kinetic 

simulations in combination with experimental CVs are used to differentiate the proposed reaction 

mechanisms and to identify the most feasible one.  

 

 

Fig. 3. Proposed reaction mechanisms for the electrochemical reduction of 4-tert-butylcyclohexanone 1a (ketone) to 

4-tert-butylcyclohexanol 2a (alcohol): A) Langmuir Hinshelwood mechanism, B) Eley-Rideal mechanism 1 (only 

adsorbed hydrogen considered), and C) Eley-Rideal mechanism 2 (only adsorbed ketone considered). All 

mechanisms assume the hydrogen evolution reaction (HER) as a competing side reaction.  
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The approach includes the agreement of the simulation to experimental data under different 

operating conditions and an analysis of the reaction rates, surface coverages, and thermodynamic 

parameters. We consider different scan rates, and reactant concentrations. Furthermore, our 

approach includes the agreement of faradaic efficiencies from quasi-steady state simulations with 

experimental faradaic efficiencies from constant current electrolysis.[16] The agreement of the 

mechanistic assumptions and simulation with the experimental data is taken as a measure of the 

feasibility of the proposed mechanisms and their corresponding kinetics.  

2.5. Kinetic Model 

2.5.1. Model Overview 

The dynamic kinetic model describes the above-mentioned reactions at the cathode and the mass transport 

of ketone, alcohol, and H2 through the diffusion layer, which consists of an outer PTFE/carbon fiber 

backing and an inner microporous layer (MPL) between the electrode and the bulk, i.e., transport channel 

(Fig. 4). Protons enter from the opposite direction from the anode through the membrane, via migration. 

Hydrogen oxidation at the anode is considered to be fast and have negligible overpotential, in effect acting 

as a dynamic hydrogen electrode. The electrochemical reactions are simulated using Butler-Volmer 

kinetics. Surface species are balanced at the electrode through dynamic species and charge balances, 

treating reactions as sources or sinks. The proposed reaction mechanisms define the characteristics and 

amount of the adsorbed surface species, reactions involved in the process, and the reaction rates.  

The model is 1D-discretized from the catalyst layer (x=0) through the diffusion layer to the bulk to 

simulate ketone, alcohol and dissolved H2 transport and concentration profiles. The bulk phase includes 

the ketone at constant concentration due to continuous, over-stoichiometric supply, and the products, 

alcohol and H2, at zero concentration, as they are removed with the flow. The solvent cyclohexane (C6H12) 

is shown in Fig. 4 for completeness but is not included in the model equations, as it can be assumed that 

it does not participate in the reaction.[16] Backing layer and MPL consist of several volume elements of 

uniform thickness ΔxBacking and ΔxMPL, with thicknesses determined by the number of elements and layer 
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thickness, respectively (Table S2). x = δmpl represents the interface between the two diffusion layers, 

where concentrations are equated via a Dirichlet boundary condition at the interface. x = δtotal represents 

the boundary of the backing to the bulk solution. Proton transport through the ionomer and membrane is 

migration only, with a fixed concentration; thus, the impact of the membrane is included as a resistance 

term. The electrode is not discretized and is modeled as a planar interface between the diffusion layer and 

the membrane. As the catalyst layer is thin compared to the diffusion layer, concentration gradients are 

assumed to be negligible.[42] The first volume element of the MPL at the boundary to the electrode is the 

reaction plane, in which reaction and diffusion flux are considered. 

 

Fig. 4. Scheme of the reaction kinetic model of the ketone reduction, including the reactions at the Rh/C electrode, 

the 1-D diffusive transport of reactants and products through the diffusion layer towards and away from the catalyst 

layer at the cathode, and proton migration through the membrane. 

2.5.2. Reaction Rate Equations  

The surface specific rates ri of each surface reactions, adsorption, and desorption i are calculated by the 

following equations. The rate equations of the electrochemical reactions based on Butler-Volmer contain 

a cathodic (eq. (1)) and anodic (eq. (2)) term, with each having an exponential dependence on electrode 

potential E, a kinetic constant k and a dependence on activity of the reactants in the solution, aj and surface 

coverages θ by adsorbate j, the charge transfer coefficient αi for  

one-electron transfer reaction steps, Faraday constant F, and RT, the product of the universal gas constant 

and temperature. νij is the stoichiometric factor of species j in reaction i.  
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ri = k+i ⋅ ∏ (a
j

ν−ij ⋅ θ
j

ν−ij)j ⋅ exp (
−(1−αi)FE

RT
)  (1) 

−k−i ⋅ ∏ (a
j

ν+ij ⋅ θ
j

ν+ij)j ⋅ exp (
𝛼iFE

RT
)    (2) 

Contributions from open circuit potential E0 are included in the rate constants. The activities a of all 

species in the solution are calculated as the ratio of concentration divided by the standard concentration 

of 1 mol L‒1, assuming activity coefficients of 1. Chemical surface reactions and sorption processes 

(adsorption and desorption) are described similarly, but without explicit potential dependence (eq. (3) and 

(4)). 

ri = k+i ⋅ ∏ (a
j

ν−ij ⋅ θ
j

ν−ij)j − k−i ⋅ ∏ (a
j

ν+ij ⋅ θ
j

ν+ij)j    (3) 

rads,j = k𝑎𝑑𝑠 ⋅ 𝑎𝑗 ⋅ θ∗ ,    r𝑑𝑒𝑠,𝑗 =⋅ k𝑑𝑒𝑠 ⋅ θ𝑗  (4) 

Adsorption steps explicitly account for the availability of free surface sites 𝜃∗ through the site‑balance 

condition (eq. (5)).  

θ∗ = 1 − ∑ 𝜃𝑗𝑗   (5) 

The full set of equations is provided in the supporting information (section S2.3). 

2.5.3. Balance of Species 

The reactions at the electrode lead to a concentration gradient in the diffusion layer, which in turn causes 

a diffusive flux of species j in the solution, as described by eq. 6: 

∂cj,n

∂t
= Deff,j

∂2cj,n(x,t) 

∂x2   (6) 

The diffusion coefficients Deff,j are calculated using the method introduced by Tyn and Calus et al.[43] 

and the group contribution method (eq. (7)). Here, Vj and VC6H12 are the molar volumes of the species j 
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and the solvent C6H12, and Pj and PC6H12 the parachors. The values, including the kinematic viscosity 

μC6H12 are given for ambient Temperature T in Table S2. 

𝐷𝑒𝑓𝑓,𝑗 =
𝜀

𝜏
⋅ 8.93 ∗ 10−8 ⋅ (

𝑉
𝑗

1
6

𝑉𝐶6𝐻12

1
3

) (
𝑃𝐶6𝐻12

𝑃𝑗
)

0.6
𝑇

𝜇𝐶6𝐻12

  (7) 

MPL and backing layer have different porosities 𝜀 (Table S2), resulting in different effective diffusion 

coefficients. Tortuosity 𝜏 in the GDL and MPL is negligible due to their high porosity (Table S2).[44,45]  

Changes in the coverage of species on the electrode surface are modelled using a species balance (eq. (8)) 

that includes the areal concentration of adsorption sites Γ and the geometric electrode area A:[33]  

dθj

dt
=

1

A⋅Γ
∑ νij ⋅ (r+i − r−i)i   (8) 

 

2.5.4. Charge Balance  

The charge at the electrode's surface is balanced by considering the accumulation of charge q, 

with the electrode potential at the electrode-liquid interface E, and the double layer capacitance 

Cdl, due to charge transport, i. e. total current density j and the faradaic current density jF caused 

by reactions: 

𝑑𝑞

𝑑𝑡
= 𝐶𝑑𝑙

𝑑𝐸

𝑑𝑡
= 𝑗 − 𝑗𝐹  (9) 

The total current is calculated using Ohm’s law with the potential drop due to the internal 

resistance Ru determined by electrochemical impedance spectroscopy and the geometrical area A 

(eq. (10)). The externally applied potential is referred to by Eext. Faraday’s law is used to calculate 

the faradaic current density from the reactions (eq. (11)).  

𝑗 =
𝐸𝑒𝑥𝑡−𝐸

𝑅𝑢⋅𝐴
  (10) 
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𝑗𝐹 = 𝐹 ⋅ ∑ 𝑧𝑖 ⋅ rii   (11) 

The model is formulated to simulate CV experiments. The externally applied potential Eext changes 

linearly over time between an upper and lower potential at a defined scan rate ν according to equation eq. 

12.  

𝐸ext(𝑡) =  {
𝐸ext(𝑡 = 0)  − 𝑣𝑡,

𝐸ext(𝑡 = 𝑡s) + 𝑣𝑡,
         

∀ 𝑡 < 𝑡s

∀ 𝑡 ≥ 𝑡s
           (12) 

The potential is initially scanned from a high to a low potential. Upon reaching the potential minimum at 

the switching time ts, the scan direction reverses, marking the end of the cathodic scan (negative direction) 

and the start of the anodic scan (positive direction).  

The model is implemented in MATLAB 2023b and uses the ode15 solver function for differential 

equations. To ensure high accuracy, settings include an absolute error tolerance of 10-15 and a maximum 

step size of 0.1 seconds. 

2.5.5. Experimental Parametrization.  

The experimental CV data for different scan rates is used to determine the areal double-layer capacitance 

Cdl as described in detail in the supporting information (SI) in section S1.1. The kinetic parameters k+i, k-

i, αi, and Γ were identified by experimental parametrization, using CV experiments and mathematical 

parameter optimization. The number of kinetic parameters depends on the assumed reaction mechanism. 

The built-in MATLAB functions particle-swarm and pattern-search were used to identify the parameters 

by optimization to minimize the root mean squared error (RMSE) between experimental and simulated 

current densities (eq. 13). Here, N represents the number of data points (N = 1100 per cycle), where jsim 

and jexp denote the simulated and experimental current density values, respectively, recorded at each data 

point during the third CV cycle.  
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RMSE=√∑ (jsim-jexp)
2

N
n=1

N
  

(13) 

Parameter optimization was performed at a ketone concentration of 1 M and a scan rate of 10 mV s-1 

using experimental CVs. For validation, CVs at various scan rates and ketone concentrations with lower 

values were used. 

3. Results and Discussion 

In the following, we will first qualitatively analyze the experimental data to extract information on the 

mechanism, then the remaining mechanisms are evaluated in terms of the ability of the respective models 

to reproduce the experimental data, followed by an in-depth analysis of the reaction and transport 

interaction and limitations. 

3.1. Analysis of Experimental Data 

Cyclic voltammograms were recorded as described in section 2.3 under a range of operating conditions 

to evaluate the dependence of the CV on potential, transport, and concentration. Figure 5 shows the results 

for the 3rd cycle of the CV measurements at scan rates of 10, 5, and 1 mV s-1 for a ketone concentration c 

of 1 M and for 10 mV s-1 at ketone concentrations of 0.05, 0.01, and 0 M. The CVs are iR-corrected with 

the corresponding resistance Ru,c  (Table S2).   

Fig. 5A displays for 1 M ketone concentration and 10 mV s-1 a smooth cathodic reduction curve with no 

significant slope changes, indicating the absence of clearly separable multi-step processes. Two broad 

and indistinct peaks in the anodic scan at –0.02 V and 0.14 V vs. RHE suggest partial reversibility of at 

least one electrochemical reaction. Fig. 5B shows a similar trend for 5 mV s-1 with slightly lower cathodic 

current density (-19.97 mA cm⁻²) and reduced anodic response. In contrast, at 1 mV s-1 (Fig. 5C) the CV 

resembles a polarization curve with minimal hysteresis. The onset of the cathodic current is shifted by –

0.1 V to lower potentials, and the anodic peaks shift to -0.0052 V and 0.147 V. A distinct cathodic peak 
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at -0.0049 V, absent at higher scan rates, may indicate the reduction of a transient intermediate accessible 

only under slow scan conditions. With increasing scan rate, the onset potential shifts positively, hysteresis 

grows, and anodic currents rise, indicating increasing kinetic constraints and partial reversibility of at 

least one intermediate.  

 

Fig. 5. Impact of scan rate and concentration on iR-corrected experimental CVs: A) 1 M ketone concentration at a scan rate of 

10 mV s-1, B) comparison to 5 mV s-1, and C): 1 mV s-1. Comparison at 10 mV s-1 for 0.05 M (D), 0.01 M (E), and 0 M (F) 

ketone concentration. For brevity, the negative-going and positive-going scans are denoted as forward and backward, 

respectively. 

While the variations in scan rate reveal some kinetic influences and partial reversibility, the overall 

differences remain subtle and do not allow for a conclusive mechanistic interpretation.  

By analyzing the changes in the features in the CVs with concentration variations, we can obtain further 

information on the kinetics and reaction mechanism of the concentration dependence of ketone reduction 

and its interaction with hydrogen evolution as the side reaction. Therefore, we investigated ketone 

reduction with strongly reduced ketone concentrations of 0.05 M, 0.01 M, and no ketone at a scan rate of 

10 mV s-1 (Fig. 5D-F). The case of 0 M ketone allows to study pure hydrogen evolution, whereas small 
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concentrations of ketones allow to show the interaction of HER with ketone species and a possible 

blocking of sites. To directly visualize the concentration-dependent changes in the voltammetric response, 

each concentration is compared individually to the CV at 1 M ketone concentration. The resulting 

differences provide insight into the interaction between ketone reduction and HER. 

At a ketone concentration of 0.05 M (Fig. 5D), a redox peak occurs at 0.07 V in the negative going scan, 

which was not observed at higher concentrations, and two peaks during the positive going scan at 0.02 V 

and 0.17 V versus RHE. The changes indicate a change in the prevalence of reaction processes on the 

surface. Most likely, in this case, the impact of ketone redox processes decreases, while that of hydrogen 

redox processes increases, compared to the CV at 1 M ketone concentration. The same redox 

characteristics are found for 0.01 M and without ketone concentration; the corresponding current densities 

are higher, and the shape of the features is more pronounced (5E and F). The oxidation peak at 0.13 V 

corresponds clearly to that observed at high concentrations; the oxidation peak at 0.015 V corresponds to 

that at 0.02 V for 0.05 M. For 0.01 M ketone concentration and the absence of 4-tert-butylcyclohexanone 

1a, no differences in the CV are observed, suggesting that the observed reaction is independent of ketone. 

As only H+ pass from the anode through the membrane of the PEM cell, HER and HOR are assumed to 

take place on the Rh catalyst under these conditions.[16]  

Fig. 6 shows a comparison of a CV from literature of the HER on Rh/Au in 0.1 M HClO4 in water at 50 

mV s-1 (Fig. 6A)[46], and the here presented CVs in cyclohexane at 10 mV s-1 for 0 M ketone 

concentration (Fig. 6B), and 1 M ketone concentration (Fig. 6C). The CV on Rh in aqueous electrolyte 

shows two distinct redox peaks at 0.071 mV and -0.01 V vs. RHE for the cathodic scan and two at 0.005 

V and 0.151 V for the reverse scan. The peaks correspond to the HER/HOR on the Rh catalyst sites. They 

show comparability to the peaks observed for the HER/HOR on Pt and can be attributed to adsorbates on 

different crystalline structures, suggesting that multiple active sites are involved.[47]  

Three peaks corresponding to these HER/HOR peaks are found in the CV in our organic PEM cell in the 

absence of 4-tert-butylcyclohexanone 1a (Fig. 6B). In contrast, for a ketone concentration of 1 M, the 

redox peaks of the HER/HOR clearly vanish (Fig. 6C), indicating strong competition for active sites 
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between the ketone and hydrogen-related adsorbates. Such suppression of hydrogen 

adsorption/desorption features is commonly referred to as hydrogen underpotential deposition (Hupd) 

attributed to competitive adsorption and hydrogen site blocking on the catalyst surface, as demonstrated 

for organic molecules on noble metals in aqueous systems.[48]  

 

Fig. 6. Comparison of the CV on Rh: A) HER/HOR on Rh/Au in 0.1 M aqueous HClO4 at a scan rate of 50 mV s-1 (Reproduced 

from Arbib et al.[46] with permission from Journal of Electroanalytical Chemistry, 2001, ©Elsevier), B) iR-corrected CVs on 

Rh/C in cyclohexane at 10 mV s-1 for 0 M ketone concentration, and C) for 1 M. Dashed lines highlight characteristic features. 

For comparability, the magnitudes of the current densities are given on the right. 

 

For very low 4-tert-butylcyclohexanone 1a concentrations (0 M, 0.01 M), the HER/HOR predominates, 

whereas already for ketone concentrations of 0.05 M, the ketone seems to be occupying the catalyst 

surface partially, leaving fewer sites for protons or HER/HOR intermediates to adsorb and, hence, reduces 

the HER. These findings lead to the conclusion that the ketone must adsorb to the Rh surface and block 

sites, so that less H+ is adsorbed by electrochemical reduction. Therefore, we can exclude the proposed 

mechanism ERM1, which does not consider any adsorption of ketone at the catalyst sites. 
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Furthermore, our investigations highlight the significance of maintaining high ketone concentrations 

during the electrosynthesis to suppress the competing HER and loss of Faraday efficiency. 

3.2. Identification of the Reaction Mechanism 

Solely by experimental analysis, it is not feasible to distinguish the LHM and ERM2 mechanisms, which 

both involve ketone adsorption and proton reduction at the active site: in the ERM2, adsorbed ketones 

react with protons, whereas in the LHM, they react with adsorbed hydrogen atoms. This section delves 

into the comparative analysis of the proposed mechanisms through model-based analysis. We apply the 

introduced dynamic kinetic model and identify for each mechanism a parameter set which best reproduces 

experimental CVs. A broader evaluation of simulation outputs ensures a consistent assessment of their 

feasibility, reaction kinetics, surface coverages, and rate-determining steps.  

Table S8 (SI Section S3.1) holds the estimated kinetic parameters identified by experimental 

parametrization: rate constants (LHM: kket,ads, kket,des, kH+,red, k-H+,red, kalc,form, k-alc,form, kalc,des, kalc,ads, kH₂,form, 

and for ERM2 additionally: krad,form, k-rad,form), charge transfer coefficients (LHM: αH+,red, and for ERM2 

additionally: αrad,form and αalc,form), and the areal concentration of active sites Γ. The simulation results with 

the given parameter sets match the experimental data well with an RMSE value of 0.50 mA cm-2 (LHM) 

and 0.49 mA cm-2 (ERM2). The kinetic parameters of LHM and ERM2 reveal clear differences in reaction 

behavior. In LHM, many reactions, such as ketone adsorption (kket,ads = 2.42×10-6 mol·s-1, kket,des = 

2.93×10-6 mol·     s-1), show nearly equal forward and reverse rate constants, indicating quasi-reversible 

kinetics. ERM2, on the other hand, includes more asymmetric reactions. Notably, radical formation 

(krad,form = 1.77×10-7 mol·s-1, k-rad,form = 4.95×10-11 mol·s-1) is highly irreversible. ERM2 also provides 

more charge transfer coefficients (α), suggesting a more detailed modeling of electron transfer steps. 

Those differences imply that ERM2 reflects more directional kinetics, whereas LHM appears more 

balanced. In both models, alcohol desorption shows a low k+/k- ratio, indicating sluggish kinetics. The 

observations reflect mechanistic differences between the LHM and ERM2 models, but are not indicative 

to determine which of the models more accurately describes the experimental behavior. In the following, 
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simulated CVs based on the parameter sets for LHM and ERM2 are compared with experimental data 

under various scan rates and ketone concentrations to further evaluate the performance of both models. 

Fig. 7A-F compares simulated and experimental CVs (3rd cycle) for 1 M 4-tert-butylcyclohexanone 1a at 

various scan rates. For 10 mV s-1, the experimental CVs are reproduced very well for the LHM (Fig. 7A) 

and ERM2 (Fig. 7D), as supported by the very low RMSE values. The CV simulations for LHM deviate 

slightly from the experiment, showing a delayed reaction onset in the negative going scan, while fitting 

well for the reverse scan. In contrast, the simulation for ERM2 fits well in the negative going scan but 

overestimates the oxidative current density in the reverse scan. For lower scan rates, the accuracy of the 

fit for the LHM simulation becomes better, especially regarding the onset, and the experiments can be 

well reproduced (Fig. 7B and C). 

 

Fig. 7. Comparison of experimental (dashed) and simulated iR-corrected CVs for a variation of the scan rate (10, 5, and                        

1 mV s-1) and a ketone concentration of 1 M for the Langmuir-Hinshelwood (LHM) kinetics (A-C) and the Eley-Rideal 

(ERM2) kinetics (D-F), respectively. The RMSE of each simulation is given in the graphs. 
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The simulations for the ERM2, on the other hand, show a shift towards more negative potential and 

substantially more hysteresis than in the experiments, leading to a significantly higher deviation from the 

experimental data than the LHM; the corresponding RMSE values in Fig. 7A-F further support these 

observations. 

Overall, the simulations show that both models can describe trends in current densities and the 

convergence of the anodic and cathodic CV curves with decreasing scan rates, thus reproducing the 

experiments. However, the LHM simulations match the experiments better, so this mechanism appears to 

be the most plausible. 

To prove this hypothesis, we additionally compared simulations for LHM and ERM2 and experiments 

for varying ketone concentrations (0.05 M, 0.01 M, and no ketone, Fig. 8A-F). It should be noted that 

notable deviations between experiment and simulation for HER/HOR must be expected as both 

mechanisms contain only a single HER and HOR step and no proton reduction on different facets, as 

observed experimentally in Fig. 6A and B.  

It is observable in the given RMSE values and simulated CVs that the simulations show substantial 

deviations for all concentrations and for both mechanisms. Fig. 8A-C shows the LHM simulated CVs for 

the ketone concentrations 0.05 M to 0 M. The minimal current density of -19 mA cm-2 for the simulation 

of 0.05 M is marginally lower than the experimental value (-17.65 mA cm-2). In contrast, at 0.01 M and 

0 M, the simulation underestimates the experimental current densities. Despite these deviations in 

magnitude, both simulation and experiment show the same trend: the reductive current increases as the 

ketone concentration decreases. It can be observed that neither the experimental cathodic peak (0.07 V) 

nor the anodic peaks (0.015 V and 0.13 V), all attributed to the HER/HOR at different facets (see Fig. 6), 

can be described by the LHM simulation. Instead, similar to the high concentration simulations, only one 

peak in the anodic scan can be observed here, which is located at 0.12 V, 0.09 V, and 0.09 V for the 

different concentrations in Fig. 8A-C, respectively.  
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The simulation results for ERM2 show strong deviations from the experimental data, which become more 

pronounced at lower ketone concentrations (Fig. 8D–F).  

Compared to the LHM simulations, the simulated anodic current density is overestimated for all 

concentrations. 

 

Fig. 8. Comparison of experimental (dashed) and simulated iR-corrected CVs at 10 mV s-1 for concentration variation of 4-

tert-butylcyclohexanone 1a (0.05 M, 0.01 M, and 0 M) for the Langmuir-Hinshelwood (LHM) kinetics (A-C) and Eley-Rideal 

(ERM2) kinetics (D-F), respectively. The RMSE of each simulation is given in the graphs. 

 

Furthermore, for 0.01 M and 0 M, the CVs have significantly lower absolute cathodic current densities 

than experimentally observed, and these current densities occur at significantly more negative potentials 

(Fig. 8E–F). Regarding peak positions, further deviations are observed: the simulated CV at 0.05 M 

ketone concentration (Fig. 8D) shows a cathodic peak at 0.03 V that is not present in the experiment, and 

anodic peaks at -0.03 V and 0.16 V. The overall CV shape differs strongly from the experimental curve. 

The simulation of 0.01 M follows the same trend (Fig. 8E). At 0 M, the cathodic peak is no longer visible 
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in the simulation (Fig. 8F), which contradicts the corresponding experimental CV, where a distinct 

cathodic peak appears at low ketone concentrations. In the ERM2 simulation, the disappearance of the 

cathodic peak at 0 M ketone concentration suggests that this feature is primarily associated with ketone 

reduction processes. However, experimental data clearly show that this peak is attributed to the HER (Fig. 

6A and B). This indicates that the simulated kinetics of the ERM2 do not capture the experimental 

behavior for lower ketone concentrations. Overall, the observed trends in the ERM2 simulations for 

decreasing ketone concentration do not align well with the experimentally observed trends.  

A significant part of the deviations observed in the simulations for both LHM and ERM2 can be attributed 

to the simplified one-step HER and HOR mechanisms implemented both models. This simplification 

cannot reproduce the complex CV features observed in plain electrolyte, which include multiple peaks 

arising from energetically distinct surface facets involved in HER and HOR, as also visible in Fig. 6A 

and B.  

To assess whether the models still capture the overall electrochemical behavior despite these deviations, 

we conduct an analysis on a higher level of abstraction, which lumps together the different facets. The 

experimental and simulative anodic and cathodic charges transferred by reaction were calculated and 

compared (SI, section S3.2). The experimental data reveals a concentration-dependent change in charge 

transferred by reaction, which increases to 333 mC cm-2 at 0.01 M ketone concentration compared to 0 M 

(300 mC cm-2), and shows a stronger decrease to 223 mC cm-2 for 0.05 M. This suggests that at 0.01 M, 

both HER and ketone reduction contribute to the charge transferred by reaction, while already at a 0.05 

M ketone concentration, the HER is likely suppressed due to ketone adsorption. The LHM model captures 

this experimental behavior, particularly the concentration-dependent changes, in which the faradaic 

charge increases slightly from 193 mC cm-2 to 217 mC cm-2 between 0 M and 0.01 M, then decreases 

more sharply to 165 mC cm-2 at 0.05 M, whereas ERM2 fails to replicate this behavior. This indicates 

that LHM more accurately models the competition between ketone reduction and HER.  

Beyond the analysis of the simulated CVs, we conducted a series of complementary investigations to 

further assess the validity and performance of both models and parameter sets. 
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To assess the consistency of the simulated product selectivities for the LHM and ERM2 models, Faradaic 

efficiencies (FEs) obtained from quasi-steady-state simulations (scan rate: 1 mV s-1) are compared with 

experimental data from constant current electrolysis performed in the same cell setup by Shimizu et 

al.[16] (SI, section S3.3).  For the LHM, the simulated FEs closely match the experimental trend: a high 

FE at low current density (LHM: 98 %, Experiment: 94 %), a slight increase in FE at the next higher 

current density (LHM: 98 %, Experiment: 97 %), and a clear decline in FE at high current densities (LHM: 

74 %, Experiment: 60 %) (Fig. S4). In contrast, the ERM2 model failed to reach the highest current 

density of 24 mA cm-2 and exhibited significant hysteresis in the corresponding simulated CVs, deviating 

from experimental behavior (Fig. S5). These results highlight the reliability of the LHM model under 

operating conditions and its superior ability to reproduce experimentally observed selectivity trends 

compared to the ERM2 model.  

Finally, a local sensitivity analysis was conducted to evaluate how variations in individual kinetic 

parameters affect the cathodic peak current density (SI, S3.4). This provides insight into the model’s 

responsiveness and the reliability of the estimated parameter sets. In the LHM model, the proton reduction 

symmetry factor showed the highest sensitivity, followed by rate constants for proton and ketone 

adsorption and alcohol desorption. In ERM2, the most sensitive parameters were related to radical 

formation. All estimated parameters show responsiveness. While the results may hint at kinetic relevance, 

the analysis primarily confirms that all estimated parameters meaningfully influence the model response. 

The overall higher sensitivity in the LHM model indicates a more robust and experimentally accessible 

parameter set.  

Altogether, the results consistently support the LHM model as the most reliable and experimentally 

consistent representation of the electrochemical process. While both models capture certain aspects of the 

observed behavior, only the LHM model reproduces key trends across all conditions, including the 

interplay between ketone reduction and HER, the evolution of current densities, and FEs under operating 

conditions. Its ability to reflect experimental trends, combined with a robust and interpretable parameter 

set, highlights the LHM as the most plausible basis for describing the reduction of 4-tert-
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butylcyclohexanone 1a in a PEM-cell. The LHM is thus identified through combined experimental and 

model-based analysis as the most plausible reaction mechanism. 

3.3. Kinetic limitations of the electrochemical reduction of 4-tert-butylcyclohexanone 

In this section, we analyze the reaction rates and surface coverages predicted by simulations of the LHM 

during cyclic voltammetry, aiming to gain deeper understanding into the kinetic limitations of the 4-tert-

butylcyclohexanone 1a reduction. To exclude mass transport limitations, we evaluated the simulated 

concentration of ketones at the electrode surface during CV (SI S3.5). The deviation from the bulk 

concentration remained less than 4%, confirming that the process is controlled by reaction kinetics rather 

than mass transport. This is consistent with the experimental flow rate comparison (SI section S3.8). 

Fig. 9A shows the evolution of individual simulated reaction rates as a function of potential for 10 mV s-

1 and 1 M ketone concentration. During the negative-going potential scan starting at 0.4 V, the rate of 

ketone physisorption (rket,ads) continuously increases without reaching saturation even at lowest potentials, 

indicating that this step is not significantly limited by any reactants. Its onset is observed at 0.07 V.  

 

Fig. 9.  Changes of the simulated reaction rates (-r) and the surface coverages 𝜃 during a CV with 10 mV s-1 and 1 M 4-tert-

butylcyclohexanone 1a concentration: A) Reaction rates for ketone adsorption (rket,ads), H+ reduction (rH+,red),  4-tert-

butylcyclohexanol 2a formation (ralc,form) and desorption (ralc,des), and H2 formation (rH₂,form), and B) surface coverages 𝜃 of free 

sites and the adsorbed species, 4-tert-butylcyclohexanone 1a 𝜃𝑘𝑒𝑡𝑜𝑛𝑒 , 4-tert-butylcyclohexanol 2a 𝜃𝑎𝑙𝑐𝑜ℎ𝑜𝑙 ,  and hydrogen 𝜃𝐻. 

For brevity, the negative-going and positive-going scans are denoted as forward and backward, respectively. 
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The proton reduction rate (rH+,red) increases exponentially, with an early onset at 0.16 V. At 0.12 V, it 

already exceeds the ketone adsorption rate and is approximately 4.5 times higher at the lower potential 

limit. The rate of alcohol formation (ralc,form) also increases exponentially and monotonically, reaching 

values about twice those of ketone adsorption, but 55% lower than proton reduction. Alcohol desorption 

(ralc,des) follows a similar potential-dependent trend as ketone adsorption (rket,ads), starting at the same 

potential but with a lower magnitude and a shallower slope.  H2 formation rate (rH₂,form) remains largely 

constant across the potential range, with an onset at 0.03 V, as shown in the inset of Fig. 9A.   

During the reverse scan, the proton reduction rate decreases, whereas ketone adsorption and alcohol 

desorption continue to increase briefly. This behavior reflects the relatively slow dynamics of 

physisorption, temporarily limiting the availability of surface sites for proton reduction. A negative proton 

reduction rate is observed, indicating that protons are formed from adsorbed hydrogen by oxidation, 

consistent with the oxidative current in the experimental CVs. This supports the interpretation that the 

anodic current during the reverse scan is primarily caused by the oxidation of previously adsorbed 

hydrogen. 

Overall, it demonstrates that proton reduction occurs at high rates, emphasizing its key role in driving the 

surface reaction. Ketone adsorption is significantly slower, suggesting a kinetic bottleneck. Alcohol 

formation proceeds faster than ketone adsorption but remains significantly slower than proton reduction.  

Alcohol desorption is also sluggish, highlighting its limiting role in regenerating free sites. The H2 

formation rate is the lowest among all considered processes, which should be attributed to the high ketone 

concentration and the rapid consumption of adsorbed hydrogen in the formation of alcohol. This 

observation explains the high faradaic efficiencies at high ketone concentrations and the suppression of 

HER, despite the rapid availability of adsorbed hydrogen. 

The simulated surface coverages were analyzed to further elucidate the kinetics and associated limitations. 

Fig. 9B shows the changes of free surface sites and coverages of adsorbed ketone, alcohol, and hydrogen 

as a function of electrode potential. 
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At 0.4 V, 46.9 % of the Rh surface sites are free, while ketone alcohol, and hydrogen cover 38,2%, 14.9 

%, and 0% of the surface, respectively. The fraction of free sites increases to 50 % at 0.1 V, then decreases 

to 36 % at 0 V, and then returns to the initial state at 0.4 V. The ketone coverage follows a similar trend, 

reaching a plateau at 21 % near 0.02 V. Alcohol coverage initially drops to 7% at 0.06 V, then rises to 

36.8% at 0 V. Hydrogen coverage increases from 0.16 V to -0.05 V, reaching 7%, and then declines. The 

observed hysteresis in ketone adsorption and alcohol desorption reflects slow physisorption dynamics. 

Importantly, the free surface sites never limit, suggesting that active site availability does not constrain 

the reaction. The delayed increase in coverage during the positive going scan results from slow alcohol 

desorption and ketone adsorption, both lagging behind the changing potential and are influenced by the 

preceding CV cycle.  

The high ketone concentration (1 M) and the high number of free sites ensure sufficient surface coverage 

at all potentials during the CV. The steep increase in alcohol coverage corresponds with the rapid alcohol 

formation (ralc,form) and slow desorption (ralc,des) rates, as evidenced by the steep increase in coverage below 

0.06 V and the slow decline from 0.4 V to 0.06 V, as well as above 0 V. The fast proton reduction rate 

and the corresponding coverage of adsorbed hydrogen indicate a fast conversion to alcohol. This explains 

the low coverage of adsorbed hydrogen despite its high reaction rate, originating in the dominance of 

ketone adsorption and alcohol formation over the HER at high ketone concentrations.  

To further understand how these processes behave under practical operating conditions, we additionally 

analyze the quasi-steady-state regime, as it occurs under potentiostatic or galvanostatic operation in an 

electrolyzer (SI S3.3). At a scan rate of 0.1 mV s-1, which is close to steady state, the simulation shows 

no hysteresis (Fig. S4), indicating that the process approaches steady-state conditions during the slow CV. 

This allows exploration of how surface kinetics and concentration effects shape the faradaic efficiency 

under constant-current operation. Fig. 10A shows the evolution of reaction rates and the faradaic 

efficiencies under these conditions; the rates for ketone adsorption, alcohol formation, and alcohol 

desorption become synchronized and follow the same potential dependence, while proton reduction 

remains fast and exponential. The rates of ketone adsorption, alcohol formation, and alcohol desorption 
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each reach a distinct maximum at approximately -0.1 V, after which they begin to decline as the potential 

becomes more negative.  

 

Fig. 10.  Changes of the simulated reaction rates (−r), Faradaic efficiencies (FEs), and surface coverages q during a CV at 0.1 

mV s⁻¹ with 1 M 4‑tert‑butylcyclohexanone (1a) and a minimum applied potential of −0.24 V: A) Reaction rates for ketone 

adsorption (rket,ads), H+ reduction (rH+,red),  4-tert-butylcyclohexanol 2a formation (ralc,form) and desorption (ralc,des), and H2 

formation (rH₂,form). Different line styles are used for rket,ads, ralc,form, and ralc,des, which coincide over the entire potential range. 

In addition, the FEs of the competing reactions are shown for 0.1, 0.5, 1.5, 3, 6, 12, 25, and 35 mA cm-2. Reaction rates are 

plotted on the left y‑axis, while FEs are shown on the right y‑axis. B) surface coverages 𝜃 of free sites and the adsorbed species, 

4-tert-butylcyclohexanone 1a 𝜃𝑘𝑒𝑡𝑜𝑛𝑒 , 4-tert-butylcyclohexanol 2a 𝜃𝑎𝑙𝑐𝑜ℎ𝑜𝑙 ,  and hydrogen 𝜃𝐻. 

 

This behavior indicates that these processes become less favorable, leading to a significant decrease in 

faradaic efficiency under strongly reducing conditions, as seen in Fig. 10A. In contrast, the proton 

reduction rate continues to increase exponentially and reaches a value approximately four times higher 

than the maximum of rket,ads, ralc,form, and ralc,des, reinforcing the growing influence of hydrogen-related 

processes in this regime. Notably, the H2 formation rate continues to increase exponentially and 

eventually dominates, resulting in a drastically lower faradaic efficiency at high current densities. 

The corresponding surface coverages (Fig. 10B) reflect this shift in reactivity. The alcohol coverage 

initially increases to a maximum of 58.1 % at -0.1 V vs. RHE, then decreases to 39 % at the most negative 

potential, consistent with declining alcohol formation and desorption rates. In parallel, adsorbed hydrogen 

steadily accumulates, reaching 45.4 %, while the fraction of free surface sites decreases to 15.1 %. Ketone 

                  



30 

coverage drops sharply and approaches 0.5 %, indicating that ketone adsorption becomes strongly 

suppressed at high overpotentials due to competitive site occupation by hydrogen.  

Overall, these results demonstrate that ketone reduction dominates only within an optimal potential 

window, whereas HER becomes increasingly competitive at higher overpotentials, leading to reduced 

selectivity.  

Together, these findings identify the main kinetic limitations as slow alcohol desorption and the 

decreasing ketone adsorption at high overpotentials. These processes control surface coverage and 

selectivity, ultimately defining the FE under both dynamic and steady-state conditions. Notably, these 

kinetic observations are further supported by thermodynamic analysis: the Gibbs free energy profile of 

the alcohol desorption step (Fig. S11A) reveals a positive ΔG, indicating that alcohol desorption is 

thermodynamically unfavorable, and ketone adsorption is slightly endergonic (SI section 3.7). Although 

slightly endergonic, ketone adsorption remains feasible because the adsorbed species are subsequently 

consumed in alcohol formation. 

The kinetic, steady-state, and thermodynamic analyzes show that no single step strictly limits the overall 

reaction rate. Instead, both ketone adsorption and alcohol desorption are slow and jointly constrain 

turnover. While ketone adsorption is sustained by high concentration and sufficient surface availability, 

alcohol desorption is significantly slower and delays site regeneration. This kinetic imbalance becomes 

critical at more negative potentials, where HER starts to compete as alcohol-related rates decline. 

Improving ketone adsorption and alcohol desorption is therefore essential to maintain high faradaic 

efficiencies at higher current densities, and could reduce overpotentials and increase energy efficiency.  

3.4. Simulation-driven optimization of electrochemical performance at high current densities 

The developed kinetic model allows systematically investigating a wide range of operating parameters, 

including current density, enabling knowledge-driven optimization of productivity and efficiency. 

Simulations under steady-state conditions provide predictive guidance for experimental design and 

process improvement. The experimentally observed decrease in Faradaic efficiency from 93 % to 60 % 
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when increasing the current density from 12 mA cm-2 to 24 mA cm-2,[16] motivated a reassessment of 

operating conditions. 

 

Fig. 11.  Simulated and experimental Faradaic efficiencies (FE) (A) and cathode potentials (E) (B) at j = 24 mA·cm⁻² for 

performance measures at 1 M and 2 M 4-tert-butylcyclohexanone 1a. 

 

Based on the preceding kinetic analysis, optimization efforts focused on mitigating the identified 

limitations: alcohol desorption, active site accessibility, and ketone adsorption required to displace 

hydrogen intermediates. As a practical first step, the ketone concentration was increased, as this directly 

enhances competitive adsorption and is easy to implement experimentally. Fig. 11A and B compare 

experimental Faradaic efficiencies and cathode potentials from constant-current electrolysis at 24 mA cm-

2 with the corresponding simulation for the previously investigated 1 M case, and for an increased ketone 

concentration of 2 M. Experiment and simulation show the same trend: doubling the ketone concentration 

improves FE by 16-20 %. GC analysis furthermore confirms that the cis-selectivity remains high with 

91%. Although the model slightly overestimates the effect, the excellent agreement in trend demonstrates 

its predictive capability. Increasing ketone concentration thus proves to be an effective optimization 

strategy. Importantly, the model also correctly predicts negligible changes in potential upon increasing 

ketone concentration, which makes it feasible for model-assisted energy optimization. However, a 

systematic potential offset of approximately 100 mV is observed between experiment and simulation at 
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higher current densities. This offset is likely caused by the simplified iR-correction applied in the model 

and is discussed in detail in the SI in sections S3.3 and S3.8. 

Moreover, the model was used to investigate the effects of increasing catalyst loading and changes in 

surface roughness (SI section S3.8). Experiment and simulation show that increasing catalyst loading 

does not improve performance, because the associated changes in diffusion-layer thickness counteract the 

increase in active sites. Further simulations indicate that increasing surface roughness would provide a 

clear performance benefit by enlarging the accessible active surface without inducing unfavorable mass 

transport effects. Although the experimental realization of such geometric modifications is challenging 

in the investigated cell design, the model predictions underscore the potential of approaches to enhance 

the electrochemically active surface area. Altogether, the study demonstrates that the kinetic model 

translates mechanistic insights into practical optimization measures. The qualitative agreement with 

experiment supports its predictive capability for identifying improvements in operating conditions and 

overall process performance. 

4. Conclusions 

This study establishes a robust framework for understanding and optimizing the electrochemical reduction 

of 4-tert-butylcyclohexanone 1a to 4-tert-butylcyclohexanol 2a in a PEM cell. The Langmuir-

Hinshelwood mechanism (LHM), where adsorbed hydrogen reacts with adsorbed ketone, was identified 

as the most reliable and experimentally consistent representation of the hydrogenation. The corresponding 

model accurately reproduces the evolution of current densities, the decreasing hysteresis of the CV with 

decreasing scan rate, and the concentration dependence of the CVs. Simulated Faradaic charges align well 

with experimental data under dynamic conditions, and quasi-steady-state simulations successfully 

reproduce the Faradaic efficiencies observed during constant current electrolysis. Sensitivity analysis 

confirms the robustness of the LHM parameter set. While the Eley-Rideal mechanism ERM2 captures 

some qualitative trends, only the LHM consistently reproduces all key experimental observations, 

particularly the interplay between ketone reduction and hydrogen evolution.  
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Kinetic analysis highlights two critical process limitations: slow ketone adsorption and sluggish alcohol 

desorption. While ketone adsorption influences the selectivity, alcohol desorption delays surface site 

regeneration, particularly under steady-state conditions. Hydrogen evolution becomes competitive at low 

ketone concentrations but is suppressed at higher concentrations due to preferential surface occupation 

by ketone-derived intermediates. This aligns with the CV observations, where HER dominates only in 

the absence or at very low concentrations of ketone, while the ketone-related mechanism prevails at 

concentrations as low as 0.05 M. The kinetic insights confirm that anodic current arises from reversible 

hydrogen oxidation and that overall turnover is governed by the interplay of alcohol desorption, ketone 

adsorption, and hydrogen dynamics. These findings provide a framework for interpreting experimental 

features and guiding optimization.  

Two key factors are identified as prerequisite to achieve high selectivity and efficiency in electrochemical 

ketone reduction on Rh/C: a sorption-controlled reaction mechanism and the distinct electrochemical 

properties of Rh.  The requirement for adsorbed ketone and adsorbed hydrogen excludes outer-sphere 

pathways and ensures that only specific surface-bound intermediates contribute to product formation. 

Despite efficient mass transport, overall turnover remains low compared to typical PEM electrolysis 

systems (e.g., 36 vs. >1000 mA cm⁻²). Our investigation reveals that this limitation arises from surface 

kinetics, particularly the sluggish physisorption of ketone and the slow desorption of alcohol. These 

processes restrict the effective utilization of active sites and limit higher achievable current densities at 

similar faradaic efficiencies and cis-selectivity of the desired product.  

Simulations under quasi-steady-state conditions suggest that increasing the ketone concentration 

improves ketone coverage on the catalyst surface and reduces the number of adsorbed hydrogen atoms, 

thereby increasing the Faraday efficiency. Experiments validated the predictions. Also, our analysis 

suggests further potential for optimization, such as  identifying other catalyst to promote alcohol 

desorption, and improving catalyst structure and morphology to increase the number of active sites. 
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Overall, this work demonstrates that dynamic kinetic modeling is a powerful method to elucidate reaction 

mechanisms and transport phenomena in electrosynthesis. It enables predictive process and performance 

optimization and supports the rational design and optimal operation of flow electrolysis cells. 
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