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Abstract 

Glucose electrooxidation has been widely studied for its application in biosensors, fuel cells and 

electrosynthesis of value-added products. Nickel is known to catalyze the glucose oxidation reaction (GOR) 

in alkaline media, but the mechanism, the nature of the active sites, and reaction products are still being 

debated. This study focuses on elucidating the reaction pathways of the GOR on a Ni(OH)2/NiOOH 

electrode through electrochemical measurements, in-situ Fourier transform infrared spectroscopy (FTIRS) 

and microkinetic modeling. The electrode was prepared by Ni electrodeposition on glassy carbon (NiED/GC) 

followed by electrochemical oxidation into Ni(OH)2/NiOOH. The shape of the cyclic voltammograms 

obtained during the GOR was found to be significantly influenced by the presence of Fe impurities in the 

NaOH electrolyte. With the help of microkinetic modeling, a dual-path mechanism was proposed for the 

glucose electrooxidation on the Ni(OH)2/NiOOH surface, comprised of Eley-Rideal and Langmuir-

Hinshelwood pathways, with NiOOH reacting either with glucose from solution or adsorbed on Ni(OH)2 

sites. In-situ FTIR measurements reveal the formation of formate at potentials as low as 1.17 V vs. RHE. 
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Highlights 

• GOR in alkaline media is catalyzed by the Ni(OH)2/NiOOH transition but not the Ni/Ni(OH)2 one  

• Presence of Fe impurities impacts the GOR on Ni(OH)2/NiOOH electrodes 

• In-situ FTIRS confirms formate as one of the main products of the GOR on Ni 

• Microkinetic modeling suggests that GOR on Ni occurs through a dual-path mechanism 

1. Introduction 

The increasing demand of pharmaceutical, food, and energy industry has sparked interest in the catalytic 

conversion of biomass to fuels and valuable chemicals as an alternative to mitigate global warming and 

promote a carbon-neutral energy cycle [1,2]. Glucose, being one of the most abundant monosaccharides, 
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has become a protagonist in biomass transformation; more specifically, glucose electrooxidation has been 

widely studied for its application in biosensors, electrolysis for H2 production and electrosynthesis of value-

added products [3]. One of the biggest challenges when studying the glucose oxidation reaction (GOR) is 

that it can proceed through several oxidation steps, which can lead to multiple products [4], therefore the 

use of electrocatalysts that are inexpensive, efficient, and selective becomes crucial. Noble metals, such as 

Au [5], Pt [6] and Pd [7] have been used to efficiently catalyze the GOR in alkaline media. Oxides of 

transition metal, such as Co [8], Cu [9] and Ni [10,11] are promising non-precious alternative to noble 

metals, and have indeed proven to catalyze the glucose oxidation in alkaline media, albeit at higher 

potential. In particular, nickel has been extensively studied for oxidation of glucose and many other organic 

molecules, but the corresponding reaction mechanisms are still poorly understood [12–14]. 

It is well known that the nickel surface state depends on the applied electrode potential and undergoes a 

consecutive transformation from metallic to a hydrated α-Ni(OH)2, an anhydrous β-Ni(OH)2, and then a 

NiOOH phase (for further details see Section 3.1). Most of the GOR studies focus on the high potential 

region with the reaction being catalyzed through the electrochemical oxidation of β-Ni(OH)2  into NiOOH 

(Eq. 1). In the 1960’s Fleischmann et al. [15] were one of the first to study the oxidation of organic 

molecules, including glucose, on Ni electrodes, and they proposed the following mechanism:  

 Ni(OH)2 + OH- ⇄ NiOOH + H2O + e- (1)  

 NiOOH + glucose → Ni(OH)2 + intermediate (2)  

 NiOOH + intermediate → product + Ni(OH)2 (3)  

Here the Ni(OH)2 oxide species are first electrochemically oxidized to form NiOOH (Eq. 1), and later react 

with glucose in a series of two chemical steps (Eq. 2 and 3). This mechanism is known as an electrochemical 

(Eq. 1) - chemical (Eq. 2) catalytic mechanism (EC’) [16], because the Ni(OH)2 species is regenerated 

within the catalytic cycle. At high potential, when the chemical step becomes the rate-determining reaction 

step, the cyclic voltammogram (CV) of this EC’ mechanism is expected to exhibit a current plateau [17]. 

Even though the EC’ mechanism has been widely referenced in the literature, later works have suggested 

that there might be more steps in the GOR mechanism. For example, Danaee et al., showed that the 

electrochemical impedance spectra measured during the GOR on Ni exhibit a negative differential 

resistance [18–20] which cannot be explained within Fleischmann’s mechanism [15]. To account for the 

experimental observations, Danaee et al. proposed that glucose adsorbs on the NiOOH sites [20]. In this 

context, it is also worth noting that recently Bender et al. [21], when studying the oxidation of various 

alcohols and aldehydes on NiOOH with electrochemical and computational methods, suggested that the 

reaction could follow two pathways: (i) through deprotonation of the catalyst and (ii) hydride transfer from 
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organic molecule to the catalyst surface. Thus, so far there is no consensus either regarding the mechanism 

of the glucose (and other organic molecule) oxidation or the nature of active sites (NiOOH vs. Ni(OH)2) on 

Ni. 

Moreover, the products of the GOR on Ni are still poorly understood. Toghill et al. and Zhao et al., have 

argued that the oxidation of glucose occurs in a 2e- reaction to form gluconolactone as an intermediate, 

which later transforms to gluconate as the final product [22,23]. However, to the best of our knowledge, 

this has not been confirmed by any analytical or spectroscopy techniques.  

Furthermore, all the previous mechanistic studies of the GOR on Ni neglected the potential impact of iron 

impurities in alkaline electrolytes, the latter known to significantly lower the overpotential for the oxygen 

evolution reaction (OER) and provoke an anodic shift in the Ni(OH)2/NiOOH redox peak potential [24, 

25]. Considering that commercial alkalis contain between 36 ppb and 1 ppm of Fe (depending on the degree 

of purity) [26], it can be assumed that the previous studies of the GOR might have suffered from a non-

negligible contribution of the OER to the total current, the latter affecting interpretation of the GOR. Xiang 

et al. studied the GOR on Ni(OH)2-modified Au electrodes with electrochemical quartz crystal impedance 

and argued that a decrease of the current in the potential interval from 1.56 to 1.65 V vs. RHE could either 

be due to a decrease of the glucose coverage or to a competition of the GOR and OER for the surface sites 

[27].  

Since nearly all previous efforts were likely carried out using Fe-contaminated alkaline electrolytes, it is 

not clear if the unintentional Fe incorporation in Ni(OH)2/NiOOH affects the mechanism and activity of Ni 

in the GOR in the high potential region. Furthermore, it is now well established that the electrocatalytic 

activity of Ni electrodes between -0.4 and 0.4 V vs RHE strongly depends on their surface state which can 

be either fully metallic, partially oxidized or passivated depending on the electrode’s history [28] and it was 

not clear if the GOR might occur at low overpotentials on fully metallic or partially oxidized Ni surface.  

In this contribution, we study the GOR on Ni electrodeposited on GC (NiED/GC) in commercial and Fe-

purified NaOH by employing electrochemistry, in situ FTIRS and microkinetic modeling with the 

objectives to (i) determine potential of the GOR “onset”, (ii) elucidate main GOR pathways in the absence 

of Fe3+ impurities in alkaline electrolyte, and (iii) determine the products of the GOR on Ni. These studies 

revealed that the GOR on Ni does not occur below ~1.2 V vs. RHE. They further showed that the presence 

of Fe impurities in NaOH increases the parasitic contribution of the OER and also affects the shape of the 

GOR current-potential curve. By confronting the experimental current-potential curves to the results of 

microkinetic modeling we conclude that the GOR proceeds on the Ni(OH)2/NiOOH active sites via a dual-
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path mechanism involving an Eley-Rideal (ER) and a Langmuir-Hinshelwood (LH) pathways. Finally, 

formation of a carboxylate product of the GOR could be corroborated through in situ FTIRS.  

2. Experimental 

2.1. Chemicals 

Solutions were prepared using ultra-pure water with the resistivity of 18.2 MΩ·cm and TOC < 1 ppb 

(PURELAB Chorus 1). The reagents NiSO4·6H2O (99.99 %, Aldrich), (NH4)2SO4 (99.0 %, Aldrich), 

(NH4)2Cl (99.999 % metal basis, Alfa Aesar), HCl (37 %, ChemLab), glucose (ACS reagent, Aldrich) and 

sodium gluconate (ACS reagent, Aldrich) were used as received. NaOH (50 % in water, Aldrich) was used 

either as-received (Fe3+ concentration is expected to be around 9±1 ppb for 0.1 M solution [29,30]) or after 

Fe-purification carried out according to the protocol inspired by Trotochaud et al. [31] and specified in 

Supplementary Information (S.1). 

2.2. Ni electrodeposition on Glassy Carbon 

NiED/GC samples were prepared by Ni electrodeposition on a 5 mm diameter glassy carbon (GC) electrode 

that was polished with Al2O3 powder of 1 and 0.3 μm particle diameter for 5 minutes each and then 

sonicated in acetone, ethanol and deionized water to remove any remaining polishing residues (10 minutes 

in each solvent). Electrodeposition of Ni on a GC surface was performed at 25°C from the N2-saturated 

0.01 M NiSO4 and 0.1 M (NH4)2SO4 solution in a glass cell with separate compartments for working (GC 

disk), counter (Ni wire), and reference (a Hg|Hg2SO4|K2SO4 (sat.) electrode, MSE) electrodes using a 

double-step (E1 = -1.5 and E2 = -1.25 V vs. MSE for 120 and 400 s, respectively) potentiostatic regime with 

rotation at 400 rpm. Immediately after the deposition, the electrode was washed and quickly transferred 

into the Teflon cell with alkaline electrolyte for further electrochemical measurements.  

2.3. Electrochemical measurements 

All electrochemical measurements were performed in a three-electrode Teflon cell at 25°C in either Fe-

purified or unpurified 0.1 M NaOH electrolyte with NiED/GC as working electrode, Pt wire as counter 

electrode and Hg|HgO|0.1 M NaOH (E = 0.94 V vs. RHE) as reference electrode. Unless otherwise stated 

experiments were performed without rotation. First CVs were measured in the -0.2 to 0.4 V vs. RHE 

potential region at 20 mV·s-1 and the charge of the anodic peak was used to determine the electrochemical 

surface area (ECSA) of the electrodes by using the constant 514 μC·cm-2 (corresponding a monolayer α-

Ni(OH)2 formation [32]). The electrochemical surface area (ECSA) was estimated as 0.93 cm2, and the 

roughness factor of the electrode estimated as the ratio of the ECSA to the geometric surface area (0.197 

cm2) was found to be approximately 4.5. Afterward, the growth of a Ni(OH)2/NiOOH layer was achieved 

by applying a 1.55 V vs. RHE for 20 minutes. To study the GOR, CVs were measured from 0.93 to 1.6 V 

vs. RHE at 20 mV·s-1 in the presence and absence of glucose in the solution. Glucose was dissolved in 0.1 
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M NaOH to obtain the solution with 0.5 M concentration, which then was added to the electrochemical cell 

in a step-wise manner to reach the target concentration.  

2.4. FTIRS measurements 

Spectrochemical measurements were performed at room temperature with a Bruker Vertex 80v Brucker 

Fourier transform infrared spectrometer equipped with a MCT detector (N2-liquid temperature) using a 

ZnSe prism. The GOR on Ni disk (⌀ = 1 cm) was performed in a N2 saturated unpurified 0.1 M NaOH 

solution using a glass cell with Pt wire as counter electrode and a Hg|HgO in 0.1 M NaOH (E = 0.94 V vs. 

RHE) reference electrode. The spectra were collected in a double-sided acquisition mode between 

wavenumbers from 4000 to 700 cm-1 with a resolution of 1 cm-1. In order to obtain a single-beam spectrum, 

64 interferograms were co-added and then Fourier transformed. The protocol of potentiostatic 

measurements was inspired by the work of Oshchepkov et al. [33] and consists of the following steps: (i) 

the Ni disk electrode was submitted to 1.55 V vs. RHE for 30 minutes to grow Ni(OH)2/NiOOH surface 

layer until the stabilization of current when cycling in the 0.93 to 1.60 V vs. RHE region, subsequently (ii) 

glucose was injected to the cell (achieving the final concentration of 5 mM) and a CV was recorded in the 

same potential interval, then (iii) the potential equal to 1 V vs. RHE was applied to the working electrode, 

at which it was pressed to the prism and a background spectrum was recorded, finally (iv) the electrode was 

polarized at the potential of interest (E = 1.17 to 1.57 V vs RHE) at which a series of FTIR spectra (typically 

8) was collected in order to see the dynamics of their evolution with time.  

All spectra of the reference compounds (glucose, gluconate, formate) were recorded in ATR configuration 

using a hemispherical ZnSe prism and 64 interferograms with 1 cm-1 resolution.  

2.5. NiED/GC electrode characterization 

2.5.1. Scanning electron microscopy 

The morphology of Ni electrodeposited on GC was studied by Scanning Electron Microscopy (SEM) using 

a Zeiss Gemini SEM500 microscope at 1 kV voltage. 

2.5.2. Inductively Coupled Plasma Mass Spectroscopy 

Determination of the mass of Ni in the NiED/GC samples and estimation of the Faradaic efficiency of the 

electrodeposition were based on the inductively coupled plasma mass spectrometry (ICP-MS) 

measurements performed using a Varian 720 spectrometer. The sample probe was obtained by 

electrodissolution of the catalyst layer from the top surface of the GC cylinder (protocol adapted from [34]). 

For this a freshly prepared electrode was immersed in a 5 mL three-electrode electrochemical cell 

containing 0.5 M NH4Cl + 0.01 M HCl at the potential of -0.04 V vs. RHE, followed by recording the 

anodic dissolution profile at 1 mV·s-1 and 400 rpm. Saturated calomel electrode (SCE, ESCE = 0.362 V vs 
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RHE) and Pt wire were employed as the reference and counter electrodes, respectively. The electrolyte used 

was transferred to a glass vial with a known mass to avoid mistakes caused by evaporation. The MS was 

calibrated using standards (1000 mg·L-1, CPI). 

2.6. Kinetic model of glucose oxidation reaction on Ni 

A mean-field microkinetic model of the GOR on Ni includes the Ni(OH)2 to NiOOH transition (Eq. 1) 

approximated with a Langmuir isotherm model, in which the Ni(OH)2 and the NiOOH are treated as surface 

species for simplicity. The model also includes adsorption/desorption of glucose on Ni(OH)2 sites (also 

described by Langmuir isotherm) and reaction of the adsorbed glucose, adsorbed intermediate species and 

glucose in solution with NiOOH species. Charge-transfer steps are assumed to obey Butler-Volmer 

equations. Further modeling details are specified in the “Results and discussion” section and in 

supplementary information (S.4). 

3. Results and discussion 

3.1. NiED/GC electrode characterization 

A SEM micrograph of a fresh NiED/GC electrode prepared through double-potential step deposition (Figure 

S1) is presented in Figure 1a, and shows a porous Ni film composed of agglomerated particles with a 

diameter of around 120 nm. The morphology of the deposits can be explained by continuous nucleation (on 

both GC and Ni sites) and growth of Ni particles as well as the occurrence of the hydrogen evolution 

reaction (HER) on their surface during the deposition. Examination of a NiED/GC sample exposed to 

potential cycling in the presence of glucose did not reveal any noticeable morphology changes (Figure S2). 

During the electrodeposition, the reduction of Ni is in competition with the HER and therefore the overall 

charge passed comprises contributions of both reactions. The amount of Ni deposited on GC was 

determined by dissolving electrodeposited Ni, and then quantifying Ni2+ by ICP-MS, which resulted in  ~14 

μg of Ni on a GC disk of 0.195 cm2. This corresponds to a Faradaic efficiency of Ni deposition of 63%. 
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Figure 1. a) SEM image of Ni electrodeposited on GC, and b) Cyclic voltammetry of the NiED/GC electrode in purified 

0.1 M NaOH at 25°C and v = 20 mV·s-1 (The ECSA of Ni was estimated as 0.93 cm2, see Experimental). Currents 

are normalized to the geometric surface area. The first blue CV covers the potential range from -0.2 to 0.4 V vs. RHE, 

while the dashed black and red CVs (first scan and second scan respectively) cover the potential range from -0.3 to 

1.6 V vs. RHE. The figure is inspired from the paper [28]. 

3.2. Electrochemical measurements on freshly prepared NiED/GC 

Figure 1b shows CVs of NiED/GC obtained in Fe-purified 0.1 M NaOH. In the potential interval from -0.1 

to 0.4 V vs. RHE one may observe reversible oxidation of metallic Ni to surface α-Ni(OH)2, the latter being 

known to comprise of Ni(OH)2 layers with H2O molecules and ions incorporated in between [35]. Above 

0.4 V and up to 1.2 V vs. RHE, the α-Ni(OH)2 is known to be converted into a more stable β-Ni(OH)2 

structure, which in contrast to α-Ni(OH)2 cannot be electrochemically reduced to metallic Ni at 0 V vs. 

RHE [28]. Finally, in the 1.2 to 1.6 V vs. RHE potential region, α-/β-Ni(OH)2 species undergo further 

transformation into γ-/β-NiOOH, which manifests itself by a pair of anodic and cathodic peaks around 1.35 

V vs. RHE [36]. It is important to point out that a partially oxidized Ni electrode comprised of both metallic 

and oxidized Ni exhibits a significantly higher activity in the hydrogen evolution and oxidation reactions 

(see red curve in Figure 1b), which was attributed to a decrease of the strength of the hydrogen (Had) 

adsorption compared to metallic Ni [37].  

The GOR was studied first in the low potential region where the formation of α-Ni(OH)2 at the surface is 

observed. However, no difference either in the current amplitude or CV shape was observed in the presence 

and in the absence of glucose (Figure S3), which indicates that the GOR does not proceed in this potential 

region. For this reason, further studies of glucose oxidation were focused on the potential interval from 0.93 

to 1.6 V vs. RHE. 
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The influence of Fe impurities was explored by comparing CVs of NiED/GC in as-received commercial and 

Fe-purified NaOH electrolyte (Figure 2). In glucose-free electrolyte (black curve) the OER ‘onset’ potential 

is around 1.55 V vs. RHE in unpurified electrolyte, while in Fe-purified electrolyte no OER current is 

observed up to 1.6 V vs. RHE. The shift of the OER ‘onset ‘ in the presence of Fe is in agreement with the 

literature and was attributed to Fe incorporation into the NiOOH structure, resulting in the formation of a 

more OER-active NixFe1-x(OH)2 [38]. In the presence of glucose, the CVs in Fe-purified and unpurified 

electrolyte show noticeable differences (Figure 2). For glucose concentrations above 2 mM, the GOR 

current significantly decreases after reaching a maximum at approximately 1.45 V vs. RHE, and this 

decrease is more pronounced in Fe-purified electrolyte, which may be attributed to the ‘delayed’ OER. 

Also, in Fe-purified electrolyte, only one GOR peak is observed in the anodic scan, while two anodic peaks 

(at 1.45 and 1.50 V vs. RHE) are clearly seen in Fe-contaminated solutions. The current ‘plateau’, reported 

in previous studies of the GOR on Ni electrodes between 1.45 to 1.60 V vs. RHE [39–41], was observed 

only for glucose concentrations below 1 mM. Furthermore, when comparing the CVs in the presence and 

in the absence of Fe impurities at different glucose concentrations (Figure S4), it is possible to observe a 

slight displacement of the GOR ‘onset’ to positive potentials in the unpurified electrolyte, the latter could 

be attributed to the Fe incorporation in the Ni(OH)2/NiOOH structure [42] and phase transformations (α-

Ni(OH)2/γ-NiOOH into β-Ni(OH)2/β-NiOOH [31]), which are known to be dependent on the Fe impurities. 

Indeed, the hydrated α-Ni(OH)2/γ-NiOOH phases are supposedly favored in the presence of Fe [43], which 

could be yet another reason for slightly different catalytic behavior in purified and unpurified NaOH. 

Another difference is the higher GOR current plateau observed in the potential interval between 1.45 and 

1.55 V vs. RHE at low glucose concentrations in the presence of iron impurities (see Fig. S4, the CVs at 

0.1, 0.5 and 1 mM glucose concentrations).  

Except for the aforementioned, the electrochemical behavior of NiED/GC in the presence of glucose shows 

common trends between Fe-purified and unpurified electrolytes. In both electrolytes the ‘onset’ potential 

is around 1.2 V vs. RHE (~0.1 V before the onset of the Ni(OH)2/NiOOH peak), the anodic peak (albeit of 

different shape) is observed both in the positive and in the negative potential scan, and the anodic GOR 

current increases linearly with the concentration in the studied concentration range. For the sake of avoiding 

the contribution of the parasitic OER and in order to have a better understanding of the GOR, the rest of 

the discussion will be focused on the Fe-purified electrolyte (Figure 2b).  

Additionally, because the GOR on Ni is expected to follow an EC’ mechanism, measurements of current-

potential curves at different potential scan rates were performed in the absence and in the presence of 1 mM 

glucose in 0.1 M NaOH solution (Figure S6), to provide further information on the relative kinetics of the 

Ni(OH)2/NiOOH redox transition and of the GOR. At fast potential scan rates (i.e. above 500 mV·s-1) the 
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CVs in the presence and in the absence of glucose are identical, suggesting that they are fully dominated 

by the Ni(OH)2/NiOOH redox transition, the kinetics of the glucose oxidation being too slow to affect the 

CV shape. As the scan rate is decreased, a “symmetric” CV of the Ni(OH)2/NiOOH transition exhibiting 

positive currents in the anodic scan and negative currents in the cathodic one, gradually transforms in an 

“asymmetric” CV resulting from an interplay of fast Ni(OH)2/NiOOH transition and a slow GOR. These 

measurements agree with previously reported scan rate dependence studies of Danaee et al. and Yi et al. 

for the GOR on Ni electrodeposited on either GC [20] or Ti [40]. 

Finally, the start of the GOR at a potential substantially lower than the ‘onset’ of the Ni(OH)2/NiOOH 

transition does not agree with the mechanisms proposed either by Fleischmann et al. or Danaee et al [15, 

19]. The drop of current after reaching a maximum is not in agreement with Fleischmann’s model either, 

the latter predicting a current plateau at high overpotential. To confirm that the current peak on NiED/GC 

electrodes is the reaction- rather than mass transport-controlled, experiments were performed at various 

rotation rates in the presence of 3 mM glucose (Figure S5). Even though the cyclic voltammograms showed 

a small increase in current with the rotation rate, no diffusion-limited plateau could be observed. All of the 

above question the validity of the highly cited Fleischmann’s et al. The drop of current after reaching a 

maximum is not in agreement with Fleischmann’s model either, the latter predicting a current plateau at 

high overpotential. To confirm that the current peak on NiED/GC electrodes is the reaction- rather than mass 

transport-controlled, experiments were performed at various rotation rates in the presence of 3 mM glucose 

(Figure S5). Even though the cyclic voltammograms showed a small increase of current with the rotation 

rate, no diffusion-limited plateau could be observed [15] model of the GOR on Ni. To further advance our 

understanding of the latter, we performed microkinetic modeling. 
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Figure 2. Cyclic voltammograms of the NiED/GC electrode in a) Fe unpurified and b) Fe purified 0.1 M NaOH solution 

in the absence and presence of 0.1, 0.5, 1, 2, 3, 4 and 5 mM glucose in the solution at v = 20 mV·s-1 and 25ºC; insets 

show the dependency of the anodic peak current on the concentration of glucose in the solution. Currents are 

normalized to the geometric surface area. 

 

3.3. Kinetic model of glucose oxidation reaction on Ni 

Microkinetic modeling was applied to rationalize the influence of the glucose concentration and scan rate 

on the overall shape of the GOR current-potential curves, and this way to elucidate main GOR pathways 
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and provide a rough estimation of the main reaction rate constant values involved in the GOR. To achieve 

this the Ni(OH)2/NiOOH redox transformation in the absence of glucose in solution was first modeled (Eq. 

1). In a first approximation, it was assumed that this transition occurs only at the electrode surface and 

obeys Langmuir isotherm, thus neglecting that the NiOOH follows a 3D growth model [44]. The standard 

surface redox potential E°1 and the charge transfer kinetic constant k1 were adjusted to reproduce the 

potential of the experimentally observed redox peaks. In Figure 3 one may observe the computed CV of Ni 

in the absence of glucose (black curve), where the potential of the redox peaks is in good agreement with 

the experimental data, however, the peaks are broader than in the experiment. Note that Frumkin isotherm 

[45] with attractive adsorbate interactions allows to better reproduce the sharpness of the Ni(OH)2/NiOOH 

redox peaks, but not necessarily their symmetrical shape (Figure S7). Nevertheless, in what follows the 

modeling was performed within a simple Langmuir model which allows only a semi-quantitative agreement 

between the simulations and experimental data.  

 

The first model applied to describe the GOR on Ni was inspired by the Fleischmann et al. [15], model of 

oxidation of organic molecules on Ni in alkaline media (Eqs. 2 to 3) with the only exception that an 

intermediate (likely a radical) is considered to be adsorbed on the electrode surface (Eqs. 2’ to 3’): 

 NiOOHads + glucose → Ni(OH)2‒intermediateads  (2’)  

 Ni(OH)2‒intermediateads  +  NiOOH  → product + 2Ni(OH)2  (3’)  

Since in this model glucose from solution reacts with NiOOH at the surface, in what follows we will name 

the corresponding mechanism Eley-Rideal [46]. The rates of formation of the NiOOHads, the adsorbed 

intermediate and the product, as well as corresponding differential equations for the adsorbate coverages 

are specified in Supporting Information (S.4.2). The total faradaic current density, assuming Langmuir 

model and Butler-Volmer kinetics for the charge transfer process, is given by Eq. 4: 

 
j
F
 = FSt (k1exp (

αF(E-E1
○)

RT
) (1-θNiOOH-2θint)-k1θNiOOH exp (-

(1-α)F(E-E1
○)

RT
)) (4) 

 

Where St is the mole number of active Ni sites per electrode geometric surface area, k1 corresponds to the 

rate constant of Eq. 1, E1
○

 is the Ni(OH)2/NiOOH standard potential, and θint and θNiOOH are the surface 

coverages of the intermediate and NiOOH species, respectively. The simulations assumed fast reaction 

kinetics between the adsorbed intermediate species and NiOOH (large k3) in order to avoid blocking (or 

poisoning) of the surface with the adsorbed intermediate, which may be observed for small values of k3, as 

displayed in Figure S8. 
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CVs computed within the ER mechanism are shown in Figure 3a. As expected, the GOR ‘onset’ coincides 

with the Ni(OH)2/NiOOH ‘onset’, and at high potential, they exhibit a current plateau proportional to the 

glucose concentration in the solution. CVs computed within the ER mechanism show significant 

discrepancies with the experimental ones (‘early’ GOR onset, no current peak), which leads us to conclude 

that the commonly accepted Fleischmann et al. [15] model is not entirely adequate to describe the 

electrooxidation of glucose on Ni. 

A possible explanation for the current peak in the experimental CVs (Figure 2b) is glucose adsorption on 

Ni(OH)2 active sites followed by reaction with NiOOH in a Langmuir-Hinshelwood reaction pathway [47]. 

Within this model both Ni(OH)2 and NiOOH sites are required for the reaction to occur. Hence, the current 

drop at high potentials could be explained by the unavailability of the Ni(OH)2 site for glucose adsorption 

at potentials significantly exceeding the standard potential of the Ni(OH)2/NiOOH transition. To prove this, 

a LH kinetic model of the GOR, comprising of the steps 1, 5, 6, 7, was proposed. 

 Ni(OH)
2
 + glucose ⇄ Ni(OH)2‒glucose

ads
 (5)  

 
Ni(OH)2‒glucose

ads
 + NiOOHads → Ni(OH)2‒ intermediateads + Ni(OH)2 (6) 

 

 

 Ni(OH)2‒ intermediateads + NiOOHads → 2Ni(OH)2 + product (7)  
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Figure 3. Cyclic voltammograms for the GOR on Ni(OH)2/NiOOH at ν = 20 mV·s-1 and different glucose 

concentrations simulated within various mechanisms: a) Eley-Rideal (ER), b) Langmuir-Hinshelwood (LH), c) a 

dual-path mechanism comprised of both an ER and a LH pathway, and d) comparison of different models for 5 mM 

glucose. Current density is given per unit of the geometric surface area. The parameters used for the simulations are 

given in Table S1. 

Here glucose can reversibly absorb on Ni(OH)2 active sites, and subsequently react with a NiOOH species 

to form the adsorbed intermediates. Finally the intermediate would react again with a NiOOH species to 

obtain the final product. The rates of the formation of NiOOHads, adsorbed glucose, adsorbed intermediate 

and product, as well as corresponding differential equations for the adsorbate coverages are specified in 

Supporting Information (S.4.4). The total Faradaic current density is then given by Eq. 8:  

 
j
F
 = FSt (k1exp (

αF(E-E1
○)

RT
) (1-θNiOOH-2θglucose-2θint)-k1θNiOOH exp (- 

(1-α)F(E-E1
○)

RT
)) (8) 

 

Here θglucose is the coverage of adsorbed glucose on the surface, the meaning of the rest parameters is similar 

to the above. The CVs simulated using LH model are represented in Figure 3b, and as expected, exhibit 

current maximum, unlike in the ER model. The result corroborates glucose adsorption on the Ni(OH)2 sites. 

However, one can also notice that, after surpassing the potential of the NiOOH formation, the current drops 

to zero, since, with the lack of the Ni(OH)2 sites for glucose to adsorb, the reaction cannot proceed within 
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the LH mechanism. Such a behavior differs from the experimentally observed one (notably at glucose 

concentrations below 1 mM where a current plateau is observed), where the reaction does not drop to zero 

at high potentials. 

Hence neither of the models presented above is capable to fully describe the GOR on Ni electrodes, albeit 

possessing certain characteristic features of the experimental system. For this reason, a dual-path 

mechanism comprised of an ER (steps 2’ and 3’) and a LH (steps 5 to 7) pathway was proposed in which 

both dissolved and adsorbed glucose can react with NiOOH. The rate constants for the formation of 

NiOOHads, glucoseads, intermediateads and product, as well as the corresponding differential equations for 

the adsorbate coverages are specified in Supporting Information (S.4.5). Total Faradaic current is again 

described by Equation 8, but surface coverages are now different due to the contributions of both the ER 

and LH pathways. 

Figure 3c demonstrates the CVs simulated within the dual-path mechanism, which now semi-quantitatively 

reproduce the main characteristic features of the experimental data, namely the maximum current (due to 

the LH kinetics) and the sustained GOR current at high potential (attributed to the ER kinetics). The model 

assumes electrochemical NiOOH formation and its chemical reaction with glucose either arriving to the 

electrode surface from the bulk of the electrolyte, or adsorbed on the Ni(OH)2 surface. The influence of 

potential scan rate on the CV simulated with the dual-path model in 1 mM glucose solution is shown in 

Figure S9. The simulations are in good agreement with the experimental data and can reproduce the 

experimentally observed overshadowing of the GOR at fast scan rate. However, even if the model captures 

the most important features of the experimental data, the low onset potential of the GOR could not be fully 

reproduced. Note that the ‘onset’ potential can be shifted towards lower potentials by varying rate constants 

k3, kads, kdes, and k4, as shown in Supporting Information (Figure S10 and Table S2) albeit not as much as 

observed in the experiment. An early onset could be explained by the presence of defects on the surface of 

electrodeposited Ni particles, where the NiOOH formation occurs at lower potentials than on a ‘flat’ 

surface. Such an assumption is supported by some previous studies performed with in situ Raman 

spectroscopy [31,38,43,48]. Furthermore, the differences in the shape of simulated and experimental CVs 

may be due to the formation of different surface phases (α/β-Ni(OH)2, γ/β-NiOOH phases), 3D growth of 

the NiOOH layer, as well as formation of various reaction products.  

3.4. Spectroelectrochemical measurements  

Finally, in situ FTIRS measurements were performed on a Ni disk electrode to identify possible products 

of the GOR. The CVs of the Ni disk electrode in presence and absence of glucose in the FTIRS setup are 

shown in Figure S11, and exhibit similar characteristic features as the NiED/GC electrode. Figure 4a shows 



15 
 

FTIR spectra obtained at different potentials applied in the presence of glucose. Since the spectra are 

presented after the background subtraction, the positive-pointing and negative-pointing absorption peaks 

correspond to the species whose concentration decreases and increases with time, respectively. Importantly, 

one can notice the appearance of several bands at 1350, 1385, 1583, 2732 and 2816 cm-1 at potentials as 

low as 1.17 V vs. RHE. Above 1.47 V vs. RHE (i.e. after the peak potential of the Ni(OH)2/NiOOH 

transition), another vibration can be observed around 1417 cm-1, suggesting changes in the mechanism of 

the GOR. Note that the spectra obtained at different times (Figure S12) clearly show that only the first 

product is initially observed even at the highest potential. To attribute the experimentally observed spectra 

to certain GOR products we turn to previous studies of the GOR by in situ FTIRS. For example in situ 

FTIRS investigation of the GOR on Au nanoparticles supported on carbon (AuNPs/C), Au60Pt40/C, and 

Pt9Bi1/C electrodes showed the formation of gluconate as the main product, which was also confirmed with 

HPLC measurements [49–51]. In those works, the presence of gluconate was corroborated by the 

appearance of the vibrations around 1580 and 1410 cm-1 (corresponding to the asymmetric and symmetric 

stretching of the carboxylate group, νasym/sym O-C-O), and 1350 cm-1 (corresponding to the bending of the 

methylene group, δ CH2). Note that to the best of our knowledge no in situ FTIRS studies have been 

previously published for Ni electrodes. 
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Figure 4. a) FTIR spectra recorded at different potentials in 0.1 M NaOH with 5 mM glucose at 25 °C with a Ni disk 

electrode, and b) FTIR spectra acquired in ATR configuration for solutions of 2 M glucose, 2 M sodium gluconate 

and 2 M sodium formate in 0.1 M NaOH. The FTIR spectra evolution with time is displayed in Figure S12 for each 

potential. 

To help the assignment, FTIR spectra of reference glucose and gluconate were acquired in ATR 

configuration (Figure 4b). Both molecules present bands in the 1000 to 1250 cm-1 region, which originate 

from intramolecular vibrations, such as the CH2OH group deformation, carbon ring deformation, C-H bond 
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bending, and C-H bond wagging [52]. In the case of gluconate, one may also observe characteristic bands 

at 1352, 1415 and 1583 cm-1 that are discussed in literature. However, while the 1352 and 1583 cm-1 

vibrational bands corresponding to νasym and δ CH2 vibration modes could be observed in our in situ FTIR 

spectra of Ni starting from 1.17 V vs. RHE, the O-C-O νsym at 1415 cm-1 characteristic of gluconate could 

only be observed at potential above 1.47 V vs. RHE. On other hand, the experimental spectra show very 

intense and unidentified bands at 1385 and 2816 cm-1, which appear from the very beginning (Figures 4 

and S12). We infer that the observed vibrational bands reflect formation of formate and can be attributed 

to δ CH [53] and ν C-H modes [54,55] respectively, the conclusion being corroborated by the reference 

spectrum of sodium formate shown in Figure 4b. Thus the above analysis suggests that formate is the main 

glucose oxidation product on Ni(OH)2/NiOOH electrode at potentials lower than 1.47 V, while gluconate 

is only formed at higher potentials (and likely delayed in time), unlike what was previously assumed in 

several works [10,39,56,57]. Meanwhile, we need to admit that the identification of the possible products 

only from the FTIRS measurements is hardly possible and the presence of other compounds cannot be fully 

excluded. Online HPLC measurements are currently in progress and will complement the analysis.  

4. Conclusions 

Ni(OH)2/NiOOH electrodes were prepared by electrodeposition of Ni on a glassy carbon substrate followed 

by electrochemical oxidation at high potential in 0.1 M NaOH electrolyte, and further used to study the 

electrooxidation of glucose in alkaline media. Measurements performed in Fe-purified and unpurified 

NaOH solutions showed significant difference in the CV shape, originating from the Fe-dependent 

contribution of the parasitic OER, but likely also from different contributions of various reaction pathways. 

A microkinetic model was developed to better understand the GOR pathways (Langmuir-Hinshelwood vs. 

Eley-Rideal) and the nature of the active sites (Ni(OH)2 vs. NiOOH) on Ni. We conclude that both Ni(OH)2 

and NiOOH sites are needed for the GOR to occur, the Ni(OH)2 required for the glucose adsorption, while 

the NiOOH sites – for its oxidation in a chemical step. We further infer that along with the Langmuir-

Hinshelwood pathway involving adsorbed glucose and surface NiOOH species, an Eley-Rideal pathway is 

operating and involves NiOOH surface species reacting with glucose from solution, hence the GOR on Ni 

occurs in a dual-path mechanism. Finally, by employing operando FTIRS, we conclude that unlike 

previously believed, gluconate on Ni(OH)2/NiOOH electrode is only formed at potentials above ~1.47 V 

vs. RHE, formate being the main glucose oxidation product at lower potentials.  
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