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ABSTRACT: Electrocatalytic oxidation of glycerol (GOR) as anode reaction in water electrolysis 

facilitates the production of hydrogen at the cathode at a substantially lower cell voltage compared 

to the oxygen evolution reaction. It simultaneously provides the basis for the production of value-

added compounds at the anode. We investigate earth-abundant transition metal oxide nanoparticles 

(Fe, Ni, Mn, Co) embedded in multi-walled carbon nanotubes as GOR catalysts. Out of the four 

investigated composites, the Ni-based catalyst exhibits the highest catalytic activity towards the 

GOR according to rotating disk electrode voltammetry, reaching a current density of 10 mA cm-2 

already at 1.31 V vs RHE, a potential below the formation of Ni3+. Chronoamperometry conducted 

in a flow-through cell followed by HPLC analysis is used to identify and quantify the GOR 

products over time, revealing that the applied potential, electrolyte concentration and duration of 

the experiment impact strongly the composition of the products mixture. Upon optimization, the 

GOR is directed towards oxalate production. Moreover, oxalate is not further converted and hence 

accumulates as a major organic product under the chosen conditions in a concentration ratio of 

60:1 with acetate as minor product after 48 h electrolysis in 7 M KOH, which represents a 

promising route for the synthesis of this highly valued product. 

INTRODUCTION  

Water electrolysis is regarded as one of the most promising routes towards sustainable energy 

conversion and storage. It enables the utilization of renewable energy for the production of 

hydrogen without generating greenhouse gases or any other pollutant. Yet, the use of water 

electrolyzers on a large scale remains challenging due to their low efficiencies in comparison to 

fossil fuel-based technologies. This is partly due to the high energy input required by the anodic 

process, namely, the oxygen evolution reaction (OER), as well as to the expensiveness and 

scarcity of precious metal-based catalytic materials commonly employed to drive this reaction.1,2 
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Approaches to mitigate the high costs related to the OER involve using low-cost, earth-abundant 

oxygen-evolving catalysts,3–6 the integration of an alternative anode reaction that requires 

comparatively lower overpotentials to replace the OER,7–9 or both.10–12 In addition to this, by 

using an alternative oxidative electrosynthesis reaction, the possibility of valorization of anode 

products–along with the production of hydrogen or carbon-based fuels at the cathode–is 

enabled.13–18 An example of such a reaction is the electrocatalytic oxidation of glycerol (GOR). 

As the global production of biodiesel increases in which glycerol is a byproduct,19 glycerol is 

presently regarded as a treasure for electrocatalysis with the potential of leading to the formation 

of a wide variety of products upon its oxidation (Scheme S1).20,21 One of the GOR products of 

highest interest is oxalic acid due to its diverse applications, for instance, in the cosmetics 

industry as a component in skin care exfoliating agents,21 as a building block in polymer 

synthesis,22 as a bleaching agent, and several others.23 Thus, new methods and technologies for 

oxalic acid production are rising, some involving electrosynthesis routes.22,23 Hence, the 

electrochemical synthesis of oxalic acid via the GOR is of great interest for potential industrial 

applications. Nevertheless, a significant challenge is the control of the GOR selectivity while 

simultaneously achieving high reaction rates and high conversions24,25 since its various reaction 

pathways often lead to complex mixtures as the final product.20,21,26 There is currently a limited 

number of studies reporting highly active GOR catalysts based on earth-abundant materials,27–31 

and even less demonstrating high selectivity towards value-added products. Among them, Ni-

based catalysts seem to be promising candidates in terms of catalytic GOR performance, offering 

relatively low overpotentials and predominant selectivity towards formate.27,28,32 While some 

studies demonstrate the formation of C2 or C3 products, improved selectivity still represents a 

major challenge.33–35 
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We investigate earth-abundant metal oxide nanoparticles (CoOx, FeOx, MnOx, NiOx) embedded 

on oxygen-functionalized multi-walled carbon nanotubes (MWCNTs-Ox) as electrocatalytic 

materials for the GOR by rotating disk electrode (RDE) voltammetry. The stability of the catalyst 

with the highest GOR activity, namely, NiOx/MWCNTs-Ox, and its selectivity towards the 

formation of value-added products are evaluated using a two-compartment flow-through 

electrolyzer. We successfully obtained oxalic acid as the predominant product upon optimization 

of the applied potential, the electrolyte concentration, and the experiment's duration, which all 

impact strongly on the product distribution. 

 

RESULTS AND DISCUSSION 

The purpose of substituting the OER by an alternative anode process, specifically the GOR, is 

twofold: on the one hand, as the GOR needs lower overpotentials than the OER, the overall cell 

voltage required for electrolysis is decreased, resulting in a lower energy cost for the coupled 

hydrogen production. On the other hand, the GOR offers the possibility of generating products 

with a value higher than that of oxygen. These two objectives will be discussed separately in the 

following two subsections.  

MOx/MWCNTs-Ox as catalyst for the GOR as alternative anode reaction for water 

electrolysis 

The investigated catalysts are multi-phase transition metal oxide nanoparticles embedded in 

oxygen-functionalized multi-walled carbon nanotubes (MWCNTs-Ox), and are hereafter denoted 

as MOx/MWCNTs-Ox, with M = Co, Fe, Mn, or Ni. Corresponding high-resolution TEM 

micrographs are shown in Figure S1. Synthesis and in-depth characterization of these materials 

were reported previously,36–39 and are summarized in Table S1. Additionally, corresponding 



 5 

TEM micrographs, XRD patterns and XPS spectra are shown in Figures S1, S2 and S3, 

respectively. The catalytic activity of the MOx/MWCNTs-Ox catalysts towards the OER was 

investigated by rotating disk electrode (RDE) voltammetry in 1 M KOH as electrolyte. The 

corresponding polarization curves (Figure 1, full lines) show reproducible voltammetric 

responses with an activity trend in terms of current density and overpotential in the order Ni > 

Co > Fe > Mn, in agreement with previous reports on metal oxide-based catalyst for alkaline 

OER.40,41 The potentials required to reach a current density of 10 mA cm-2 (EOER) were 

determined for each catalyst (Table 1). Out of the four catalysts, NiOx/MWCNTs-Ox is the most 

active catalyst with an EOER value of 1.59 V vs RHE, which is about 30, 50 and 110 mV lower 

than those of the Co, Fe and Mn analogs, respectively.  
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Figure 1. Linear sweep voltammograms of MOx/MWCNTs-Ox with M = (a) Co, (b) Fe, (c) Ni, 

and (d) Mn, recorded at a scan rate of 5 mV s-1 and an electrode rotation of 1600 rpm in Ar-

saturated 1 M KOH solution in the presence (dashed lines) or absence (full lines) of 1 M glycerol, 

corresponding to the GOR and the OER, respectively. All measurements were done in duplicate, 

with electrode 1 and 2 being two independent, freshly prepared catalyst-modified electrodes. The 

four plots are displayed with the same scale to facilitate their comparison. 

Table 1. Activity parameters of MOx/MWCNTs-Ox catalysts. 

Sample 
EOER (a) 

(V vs RHE) 

EGOR (b) 

(V vs RHE) 

∆ηanode (c) 

(mV) 

CoOx/MWCNTs-Ox 1.62 1.49 130 

FeOx/MWCNTs-Ox 1.64 1.55 90 

NiOx/MWCNTs-Ox 1.59 1.31 280 

MnOx/MWCNTs-Ox 1.70 1.66 40 

(a) E vs RHE at 10 mA cm-2 during the OER; (b) E vs RHE at 10 mA cm-2 during the GOR;  
(c) EOER-EGOR 

 

Similarly, linear sweep voltammograms were obtained for each catalyst upon addition of 1 M 

glycerol to the 1 M KOH electrolyte. As shown in Figure 1 (dotted lines), the activity trend for 

the OER was maintained in the order Ni > Co > Fe > Mn for the GOR. The potentials required to 

reach a current density of 10 mA cm-2 in the presence of glycerol (EGOR) (Table 1) were lower 

than the corresponding EOER. The difference between the EOER and EGOR, denoted here as ∆ηanode 

(Table 1), represents a measure of the saved energy by replacing the OER with the GOR at a 

current density of 10 mA cm-2. The catalyst exhibiting the lowest EGOR and the largest ∆ηanode is 
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NiOx/MWCNTs-Ox, with an EGOR = 1.31 V vs RHE and a ∆ηanode = 280 mV. CoOx/MWCNTs-

Ox exhibits the second-largest ∆ηanode value; however, the GOR current densities are 

substantially lower. MnOx/MWCNTs-Ox shows the highest EOER and EGOR values, and the 

lowest ∆ηanode value. 

One of the main advantages of the chosen catalyst synthesis route is that it effectively leads to 

MOx/MWCNTs-Ox materials with controlled structural properties.42,43 The total metal loading 

and the specific surface area (SSA) are similar for the four catalysts, ranging from 13.4 to 13.8 

wt.% and 244 to 262 m2 g-1, respectively (Table S1).36–38 To confirm that the surface area 

differences do not impact substantially the observed activity trends, double layer capacitance 

(CDL), which is proportional to the electrochemically active surface area, was determined for 

each of the samples by scan rate-dependent cyclic voltammetry following a recently reported 

procedure44 exemplified in Figure S4. The obtained results, summarized in Table S2, were 

compared to the activity parameters EOER and EGOR, as well as to their corresponding SSA in 

Figure S5, showing no clear correlation between activity and CDL or SSA, and suggesting that the 

intrinsic activity has a stronger impact than the differences in (electrochemical) surface area. 

MOx/MWCNTs-Ox are thus convenient material systems for a comparative evaluation of the 

intrinsic catalytic properties of oxide nanoparticles of different earth-abundant metals. 

Furthermore, the often experienced electrical conductivity limitations inherent to metal oxides 

are overcome mainly by using MWCNTs-Ox as support material.45,46 However, it is important to 

note that contributions to the measured OER and GOR currents due to the catalytic activity of the 

MWCNTs-Ox support cannot be entirely excluded (Figure S6).  In addition to this, 

NiOx/MWCNTs-Ox displays a higher dispersion of oxide nanoparticles, as well as a similar 

particle size (~5 nm) and distribution of particles located inside and outside the channels of the 
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MWCNTs-Ox (Table S1), which may contribute to the considerably larger catalytic activity of 

the Ni-containing sample as compared to MOx/MWCNTs-Ox with M=Mn, Fe or Co. Yet, 

another important difference is the type of bulk phase, which according to XRD was consisted of 

NaCl-type Ni (oxidation state 2+)37 and spinel-type oxide in the cases of Fe, Mn, or Co.36,39 The 

higher content of M2+ in NiOx/MWCNTs-Ox could facilitate substrate adsorption in which the 

glycerol molecules are adsorbed onto NiO and/or Ni(OH)2, rather than onto NiOOH species.47 

This becomes obvious from the linear sweep voltammograms in the absence, and in the presence 

of either glycerol or ethanol, corresponding to the OER, the GOR and the ethanol oxidation 

reaction (EOR), respectively (Figure 2). In the absence of the alcohols, the redox feature 

corresponding to the Ni2+ Ni3+ transition is visible in the potential range from 1.35 to 1.4 V vs 

RHE. In the case of the EOR, however, the Ni oxidation disappears since the EOR is initiated 

with the oxidation of Ni2+, in agreement with previous reports on electrocatalytic oxidation of 

methanol and ethanol on nickel-based catalysts.48–50 The overpotential of the GOR, however, 

was observed at considerably lower potentials than that for the oxidation of Ni2+, suggesting that 

the reaction can occur without the formation of NiOOH species. Such “early GOR onsets” have 

been observed with other Ni2+- catalyst,27,28,32 and may be due to mechanistic differences 

between oxidation of monohydric and polyhydric alcohols, involving different transition states 

and/or different catalytic sites.51 Thus, the GOR potential relative to the Ni3+/2+ peak determines 

the nature of the active sites in NiOx/MWCNTs-Ox and, likely, the selectivity of the GOR. The 

effect of the applied potential on the product distribution during the GOR was therefore 

investigated.  
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Figure 2. Linear sweep voltammograms obtained with NiOx/MWCNTs-Ox at 5 mV s-1 scan rate 

and 1600 rpm electrode rotation in Ar-saturated 1 M KOH solution in the absence (OER), or 

presence of 1 M ethanol (EOR) or 1 M glycerol (GOR).  

GOR selectivity of NiOx/MWCNTs-Ox 

NiOx/MWCNTs-Ox exhibited the highest activity towards the GOR, rendering it an attractive 

candidate for further investigation of its selectivity. Chronoamperometric measurements were 

conducted in a flow-through electrolyzer, where the anode and cathode compartments were 

separated by an anion-exchange membrane (Figure 3a). 1 M KOH solutions with and without 

100 mM glycerol were pumped from their respective reservoirs to the anode and cathode 

compartments, respectively, and recirculated throughout the entire duration of the measurement, 

while a constant potential was applied to the anode. At certain time intervals, samples of the 

electrolyte were taken from the anode compartment and immediately acidified for subsequent 

HPLC analysis to monitor the concentration of glycerol (Cglycerol) and GOR products.  

In a first experiment, a constant potential of 1.41 V vs RHE was applied for 72 h with the 

purpose of establishing whether NiOx/MWCNTs-Ox is sufficiently stable to allow for the 

investigation of the GOR selectivity. Figures 3b and 3c show the current densities recorded 
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during chronoamperometry and the Cglycerol determined by HPLC, respectively, as a function of 

electrolysis time. During the first 24 h (cycle 1), the apparent decrease of the current density 

correlates with a decrease in Cglycerol. To confirm that the decrease is due to glycerol consumption 

rather than the loss or deactivation of the catalyst, after cycle 1, a fresh aliquot of 1 M glycerol 

dissolved in 1 M KOH solution was added into the reservoir to reestablish the initial Cglycerol 

(100 mM). A full recovery of the initial current density was obtained as shown in Figure 3b. 

During 24 and 48 h (cycle 2), both the current density and the Cglycerol decreased similarly as 

during cycle 1. At the end of cycle 2 the procedure was repeated, exhibiting a similar behavior 

between 48 and 72 h (cycle 3). The reproducibility of the recorded current densities indicates that 

NiOx/MWCNTs-Ox is stable at the selected operating conditions.  
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Figure 3. (a) Two-compartment flow-through cell used for selectivity evaluation of the GOR at 

NiOx/MWCNTs-Ox. (b) Chronoamperometry at 1.41 V vs RHE for 72 h in glycerol-containing 

1 M KOH as electrolyte for the anode compartment. The initial glycerol concentration was 

100 mM; an aliquot of 1 M glycerol/1 M KOH solution was injected after 24 and again after 48 h 

to reestablish the initial glycerol concentration. (c) Glycerol concentration (Cglycerol) as a function 

of time showing three cycles of complete conversion in 24 h intervals. Dashed lines in (c) are guide 

for the eye. 
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Figure 4. (a) Chronoamperograms recorded with NiOx/MWCNTs-Ox at 1.5, 1.41 and 1.31 V vs 

RHE in 1 M KOH solution with an initial glycerol concentration of 100 mM, and the 

corresponding (b) conversion of glycerol monitored over 24 h. Dashed lines in (b) are guides for 

the eye. 

Chronoamperometry was performed for 24 h at three different potentials, namely 1.31, 1.41 and 

1.5 V vs RHE to investigate the product distribution in dependence on the applied potential 

(Figure 4a). Note that the lowest applied potential is less anodic than that of the Ni2+Ni3+ 

oxidation (Figure 2). Product identification and quantification were made by HPLC, and a 

representative chromatogram is shown in Figure S7. Oxygen from the competing OER and 

carbonate are expected side-products; however, they were not detected by HPLC and are not 
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considered in the following discussion. The conversion of glycerol during electrolysis is shown 

as a function of time in Figure 4b. As expected, at a higher potential not only higher currents 

were obtained but also a higher glycerol conversion rate. Full conversion was attained after 12 h 

with 1.5 V vs RHE, while nearly 24 h were required when the GOR was performed at 1.41 V vs 

RHE, and for 1.31 V vs RHE only about 70% conversion was achieved after 24 h. 

 Cglycerol and the concentrations of the identified products are shown as a function of time in 

Figure 5. Faradaic efficiency (%FE) profiles corresponding to the individual identified products 

formed at the three potentials are shown in Figures S8a, S8b and S8c. It is important to note that 

the GOR products were detected in the form of organic acids due to sample treatment prior to 

HPLC, however, the compounds formed during electrolysis are the corresponding bases due to 

the high pH value of the electrolyte. For instance, if formate was generated during the reaction, it 

was detected in the form of formic acid. In the following, formed products and detected 

compounds are differentiated by using the appropriate form. For 1.31, 1.41 and 1.5 V vs RHE, 

formic acid was detected as the main product (Figure 5a, 5c, 5e), while the concentrations of 

other minor products did not exceed 8 mM (Figure 5b, 5d, 5f). During the first hours of 

electrolysis at 1.5 V vs RHE, the concentration of formic acid (CFA) increased along with the 

depletion of glycerol (Figure 5a); however, after a significant amount of glycerol was oxidized, 

a decrease in CFA started, indicating that formate converts to carbonate. This can be also 

visualized in Figure S8c, where the %FE profile corresponding to formate decreases from 66% 

during the first hour to 50% after 4 h, but more rapidly afterwards. Evidently, glycerol adsorbs 

preferentially at the active sites of the catalyst, hindering thus the oxidation of formate until 

glycerol is sufficiently depleted. Minor detected products included oxalic acid and traces of 

glycolic, glyceric, acetic, lactic, and tartronic acid (Figure 5b). The oxalic and glycolic acid 
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concentration profiles exhibited an initial increase followed by a decrease after longer 

electrolysis times, suggesting that oxalate and glycolate are susceptible to be oxidized upon 

depletion of other compounds that are adsorbed more easily.  

At 1.41 V vs RHE (Figure 5c), Cglycerol and CFA displayed profiles similar to those at 1.5 V vs 

RHE (Figure 5a), but at a lower rate. Additionally, higher %FEs towards the formation of 

formate were observed throughout the measurement at 1.41 V vs RHE compared to those 

obtained at 1.5 V vs RHE, indicating a lower carbonate yield (Figures S8b and S8c). Traces of 

glycolic, oxalic, acetic, lactic and glyceric acid were identified as minor products (Figure 5d). 

While the concentration profiles of glycolic acid (CGA) obtained at the two potentials were 

similar, the concentration of oxalic acid (COA) was considerably lower in the case of electrolysis 

conducted at 1.41 V vs RHE. Moreover, at 1.5 V vs RHE, oxalic acid was detected already 

during the first 60 min. In comparison, the concentration profiles observed at 1.41 V vs RHE 

indicate that oxalate was formed only when depletion of glycolate started. This suggests that 

oxalate is formed by the oxidation of glycolate at this potential. 
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Figure 5. Concentration of glycerol and GOR products as a function of time during electrolysis 

catalyzed by NiOx/MWCNT-Ox. Electrolyte samples were collected during chronoamperometry 

measurements at (a,b) 1.5 V, (c,d) 1.41 V, and (e,f) 1.31 V vs RHE. The initial electrolyte 

composition was 100 mM glycerol dissolved in 1 M KOH solution. For better visibility, minor 

products are presented separately. Dashed lines are guides to the eye. 

At 1.31 V vs RHE, production of formate dominated throughout the full experiment, observing 

a %FE of 96% during the first 60 min, and retaining an efficiency of 67% after 24 h (Figure 
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S8a). The minor identified products were glycolic acid, and traces of glyceric, lactic and acetic 

acid. Within the time frame of the experiment, no decrease in CGA was observed, suggesting that 

glycolate did not oxidize further to oxalate under these conditions, likely due to the considerably 

lower driving force. Earlier, we speculated that performing electrolysis at a potential less anodic 

than that of the formation of Ni3+ species could result in a modulation in selectivity. The low 

conversion of glycerol, however, resulted in a low yield of minor products, which makes it 

difficult to distinguish between a change in selectivity and a change in product distribution due 

to the low driving force.  

Given that for all the three investigated potentials the main product obtained with 

NiOx/MWCNTs-Ox was formate, it is preferable to apply the highest of them, on the one hand, 

to achieve complete conversion of glycerol in a shorter time, and on the other, to achieve higher 

current densities, thus favoring the production of hydrogen at the cathode. Considering that 

industrial alkaline electrolyzers operate at KOH concentrations in the range from 25 to 30 

wt.%,52 we investigated the GOR driven on NiOx/MWCNTs-Ox in 7 M KOH as electrolyte. 

Figure 6a shows a comparison of RDE voltammograms recorded in the presence of glycerol (1 

M) dissolved in either 1 M (black) or 7 M (teal) KOH. The activity of NiOx/MWCNTs-Ox was 

considerably larger in the more concentrated electrolyte. The EGOR value in 7 M KOH solution 

was by about 40 mV lower than the EGOR in 1 M KOH, rendering NiOx/MWCNTs-Ox-driven 

GOR a promising alternative anode reaction in hydrogen production in highly concentrated 

electrolytes.  
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Figure 6. (a) Comparison of NiOx/MWCNTs-Ox-catalyzed GOR in Ar-saturated 1 M and 7 M 

KOH solution containing glycerol. RDE voltammograms were recorded at 5 mV s-1 scan rate and 

1600 rpm electrode rotation. The initial glycerol concentration was 1 M. (b) Chronoamperogram 

recorded at 1.5 V vs RHE in 7 M KOH with an initial glycerol concentration of 100 mM using a 

two-compartment flow-through cell, and the corresponding conversion of glycerol determined by 

HPLC analysis. (c) Concentrations of glycerol, main GOR products, and (d) minor products of 

samples collected throughout 48 h NiOx/MWCNTs-Ox-catalyzed electrolysis conducted at 1.5 V 

vs RHE in 7 M KOH containing initially 100 mM glycerol. Error bars represent the standard 

deviation from two independent measurements. Dashed lines are guides to the eye. 
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The impact of the KOH concentration on the GOR selectivity of NiOx/MWCNTs-Ox was 

investigated by chronoamperometry using the flow-through cell (Figure 3a) and a 7 M KOH 

solution containing an initial Cglycerol of 100 mM. The chronoamperograms and the conversion of 

glycerol as a function of time are shown in Figure 6b. The concentration profiles of the major 

and minor products are shown in Figure 6c and Figure 6d, respectively. Corresponding %FE 

profiles are shown in Figure S8d. Interestingly, during the first 6 h, the main identified products, 

namely formic and oxalic acid, were found in comparable concentrations, which differed 

substantially from the product profile observed in 1 M KOH at the same potential, where CFA 

was about 25 times larger than COA. Likely, formate undergoes faster oxidation in 7 M KOH than 

in 1 M KOH, thus contributing more substantially to the measured currents. Furthermore, after 

7 h electrolysis, %FE corresponding to the formation of oxalate (34%) was nearly twice that of 

formate (18%) (Figure S8d).  

At longer electrolysis times, while CFA continuously decreased, the COA increased continuously 

until reaching ~70 mM after about 30 h, corresponding to a 99 % conversion of glycerol. After 

this time, the COA concentration remained constant, while CFA decreased further. This final 

period shows that oxalate does not oxidize further at these particular experimental conditions, 

and that the product distribution depends strongly on the duration of the experiment. In other 

words, while a mixture of formate and oxalate was obtained during the first hours of the 

measurement, maintaining the reaction conditions for a longer time allowed to oxidize formate, 

thus obtaining oxalate with substantially higher purity. We consider this as one of our most 

important findings, since, by carefully selecting the electrolysis conditions, it is possible to 

mainly obtain a single value-added product, i.e. oxalate, however to the expense that part of the 

energy is consumed for the total oxidation of glycerol to CO2.  
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The minor products included glycolic, lactic, acetic, glyceric and tartronic acid (Figure 6d). The 

majority of these products exhibited concentration profiles similar to that of formic acid: the 

maximum concentration (below ~2 mM in all cases) was reached at about 6 h and decreased 

subsequently until complete oxidation at about 32 h. Only acetic acid was preserved over the 48-

h measurement, displaying a concentration profile similar to that of oxalic acid. By the end of the 

measurement, the only compounds in the solution were oxalic and acetic acid in a concentration 

ratio of 60:1. The composition of the product mixture after 48 h electrolysis was further 

investigated by 13C NMR. As shown in Figure S9, the signals at 164 and 168 ppm correspond to 

oxalate53 and potassium carbonate, respectively. No other compound, including acetic acid due 

to its low concentration, could be detected by 13C NMR, confirming that oxalate was the main 

product. Furthermore, Figure S10 shows XRD patterns of carbon paper-supported 

NiOx/MWCNTs-Ox before and after 24 h electrolysis in 1 M and 7 M KOH in the presence of 

100 mM glycerol. After conducting the GOR in 1 M KOH, potassium carbonate and bicarbonate 

could be detected in the catalyst sample along with some traces of nickel bicarbonate (pdf: 00-

012-0292, 00-012-0276, 00-015-0782, 01-075-5384), whereas by performing the reaction in 7 M 

KOH, even stronger peaks of the different carbonates could be observed. Additionally, the 

diffraction pattern of nickel hydroxide and potassium hydrogen oxalate have been found (pdf: 

00-014-0117, 00-014-0810, 00-029-0868). These results show a promising electrocatalytic 

synthesis route of oxalate from glycerol using NiOx/MWCNTs-Ox as electrocatalyst in a highly 

alkaline electrolyte.  

 

CONCLUSION 
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Earth-abundant transition metal oxide nanoparticles (Fe, Ni, Mn and Co) embedded in oxygen-

functionalized multi-walled carbon nanotubes were investigated as catalysts for the OER and 

GOR in alkaline media. The GOR was achieved at lower potentials than the OER, rendering the 

GOR an attractive alternative to the OER as anode reaction in water electrolysis. Particularly, the 

Ni-based catalyst displayed high activity towards the GOR, reaching a current density of 10 mA 

cm-2 at 1.31 V vs RHE, a potential below Ni2+ to Ni3+, oxidation indicating that the GOR can be 

driven by catalytic sites different than NiOOH. In contrast, the OER or the oxidation of ethanol 

require Ni3+ species to be formed prior to electrocatalysis. Chronoamperometric measurements in 

a two-compartment flow-through cell at 1.31, 1.41 and 1.5 V vs RHE in 1 M KOH with an initial 

glycerol concentration of 100 mM allow, firstly, identifying GOR products, and secondly, 

monitoring their concentrations as a function of electrolysis time. Increasing the KOH 

concentration to 7 M, a concentration typically used in industrial water electrolyzers, led to a 

further decrease of the GOR overpotentials along with a substantial difference in the product 

distribution, yielding a mixture of formate and oxalate as the main products during the first 6 h. 

After this time, formate and all minor products underwent oxidation, while oxalate remained 

stable. After 48 h electrolysis, the only remaining products were oxalic and acetic acid in a 

concentration ratio of 60:1. Hence, and despite a relatively low Faradaic efficiency, conducting 

the GOR on multi-walled carbon nanotubes-supported Ni oxide nanoparticles did not only 

benefit in terms of energy consumption from the lower overpotentials in comparison to the OER, 

but also in terms of overall cost, as the formation of hydrogen is subsidized by the value of the 

purified oxalate. These results pave the way to using the GOR as a promising alternative anode 

reaction in water electrolysis, offering the possibility of concomitantly synthesizing a value-

added chemical, namely, oxalate. 
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EXPERIMENTAL 

Catalyst synthesis and characterization: Synthesis of monometallic Fe, Co, Ni and Mn-based 

catalysts was performed following a procedure reported previously.36 Firstly, multi-walled 

carbon nanotubes (MWCNTs) were grown by chemical vapor deposition of ethylene at 680 °C 

using Fe-Co/Al2O3 as growth catalyst.54,55 The obtained material was treated in aqueous HCl 

solution (15 vol%) for 4 h to remove the majority of catalyst residues and washed with distilled 

water until neutral pH, obtaining thus MWCNTs with metal impurities in the order of ppm.56 The 

dry MWCNTs were then treated in concentrated HNO3 for 2 h, washed with distilled water until 

neutral pH to obtain oxygen-functionalized MWCNTs (MWCNTs-Ox).43 Subsequently, the dry 

powder was subjected to incipient wet impregnation using as precursors aqueous solutions of 

either Ni(II), Co(II), Fe(III), or Mn(II) nitrates, followed by drying at 110 °C for 4 h, and 

annealing at 350 °C for 4 h. Metal oxide nanoparticles of the corresponding metal precursor 

embedded in MWCNTs-Ox, with a total metal loading of ~14 wt% were obtained. 

Characterization of the different catalysts was reported previously,36,37,39 and is summarized in 

Table S1. Corresponding TEM micrographs, XRD patterns and XPS spectra are shown in 

Figures S1, S2 and S3, respectively. Specific surface area measurements were conducted via N2 

adsorption isotherms obtained at a temperature of 77 K using an ASAP-2400 instrument 

(Micromeritics). Phase composition of samples before and after electrolysis was investigated by 

XRD performed with a theta-theta powder diffractometer (Bruker D8 Discover) equipped with a 

Cu-Kα radiation source (λ = 1.5418 Å). XRD patterns were recorded in the diffraction angle 

range between 20° and 80° using a step width of 0.02°. Carbon paper-supported samples were 
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placed into a PMMA sample holder and transferred to the XRD instrument. DIFFRAC.EVA 

V5.0 software has been used for data extraction as well as Kα2 and background correction. 

Investigation of catalytic activity: The catalytic activity of the synthesized materials was 

investigated using rotating disk electrode (RDE) voltammetry conducted in a three-electrode 

configuration cell using an Autolab PGSTAT128N potentiostat (Metrohm) and a RDE 80793 

rotator (Metrohm). A mixture of water, ethanol and as-purchased Nafion solution (5% in a 

mixture of alcohols) with a 49:49:2 volume ratio was used as dispersion media for 5 mg mL-1 

catalyst subjected to sonication for 15 min. Pre-polished glassy carbon RDEs of 0.113 cm2 

geometric area were modified by drop-casting 4.8 µL ink and dried under air to achieve catalyst 

films with a loading of 210 µg cm-2. The catalyst-modified RDEs, a double-junction 

Ag|AgCl|KCl (3 M) electrode filled with 1 M KOH solution in the outer compartment, and a Pt 

mesh were used as the working, reference and counter electrodes, respectively. The counter 

electrode was kept in a compartment separated by a glass frit during the measurements to avoid 

Pt contamination. Argon-saturated KOH solutions (1 or 7 M) in the absence or the presence of 

1 M of either glycerol or ethanol were used as the electrolyte for the oxygen evolution, glycerol 

oxidation or ethanol oxidation reactions, respectively. Metal impurities contained in KOH 

solutions were removed using a Chelex cation-exchange resin57 (Bio-Rad Laboratories) prior to 

measurements. Cyclic voltammograms were continuously collected at a scan rate of 100 mV s-1 

in the potential ranges from -0.2 to 0.3 V vs Ag|AgCl|KCl (3 M) in the cases where ethanol or 

glycerol were present in the electrolyte, or from -0.2 to 0.5 V vs Ag|AgCl|KCl (3 M) in the cases 

where the alcohols were absent. Afterwards, electrochemical impedance spectroscopy (EIS) was 

conducted in the frequency range from 100 to 1 kHz with an amplitude of 10 mV (RMS) at open 

circuit potential to determine the uncompensated resistance (RU) from the corresponding Nyquist 
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plots. A linear sweep voltammogram was subsequently recorded in the potential range from 0.0 

to 0.7 V vs Ag|AgCl|KCl (3 M) for the OER, or from 0.0 to 0.6 V vs Ag|AgCl|KCl (3 M) for 

GOR and EOR. All activity measurements were done in duplicate.  

Determination of double layer capacitance: Scan rate-dependent voltammetry was conducted in 

Ar-saturated 1 M KOH solution  for the determination of double layer capacitance (CDL) of the 

four MOx/MWCNTs-Ox samples according to a previously reported procedure.44 In brief, cyclic 

voltammograms were collected in a 400 mV window in the non-faradaic potential region at scan 

rates of 0.1, 0.25, 0.5, 0.75, 1, 2.5 and 5 V s-1 until reproducible voltammograms were obtained. 

Charging currents (ic) were extracted from the center potential from the last anodic and cathodic 

scans and plotted as a function of the scan rate (ν) and fitted to an allometric model to obtain CDL 

and the exponent α according to Equation 1.  

𝑖𝑖𝑐𝑐 = 𝐶𝐶𝐷𝐷𝐷𝐷 ∙ 𝜈𝜈𝛼𝛼  (1) 

Investigation of GOR selectivity: Chronoamperometric measurements were performed in a three-

electrode configuration, two-compartment flow-through cell (Figure 3a) using a VP-300 

potentiostat (BioLogic) controlled by the EC-Lab software. The Ni foam counter electrode was 

placed in the cathode compartment separated from the anode compartment employing a Fumasep 

FAA-3-PK-130 anionic exchange membrane (Fumatech). The working electrode (1 cm2 exposed 

area) was prepared by dispersing 5 mg mL-1 NiOx/MWCNTs-Ox powder in a mixture of ethanol 

and as-purchased Nafion solution (98:2 vol%) by sonication for 15 min, followed by drop-

casting 1 mg cm-2 catalyst onto H23C2 carbon paper (Freudenberg) and drying at room 

temperature. A double-junction Ag|AgCl|KCl (3 M), containing 1 M KOH in the outer 

compartment was used as the reference electrode, and it was placed together with the working 

electrode in the anode compartment of the flow-through cell. Electrolytes were pumped through 
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the anode and cathode compartments from independent reservoirs at a flow rate of 10.5 mL min-1 

using a peristaltic pump. The anode reservoir contained 12 mL of a solution consisting of 

100 mM glycerol dissolved in either 1 or 7 M KOH, while the cathode compartment contained 

the same volume of KOH at the corresponding concentration. Before the measurement, 10 cyclic 

voltammograms were recorded in the potential range from -0.2 to 0.4 V vs Ag|AgCl|KCl (3 M) 

at 100 mV s-1 scan rate. EIS was subsequently conducted in the frequency range from 100 to 

1 kHz with an amplitude of 10 mV (RMS) at open circuit potential to determine RU as described 

for the activity measurements. Afterwards, a linear sweep voltammogram was recorded in the 

range from 0 to 0.7 V vs Ag|AgCl|KCl (3 M) at 5 mV s-1 scan rate. Finally, the GOR was 

performed chronoamperometrically at constant potentials of 0.73, 0.5, or 0.35 V vs Ag|AgCl|KCl 

(3 M) for 24 or 48 h. During the measurement, samples of the electrolyte were collected at 

different time intervals and immediately acidified by adding diluted sulfuric acid for subsequent 

HPLC analysis.  

Product analysis. Analyses of the obtained product mixtures were done using a Dionex ICS-

5000+ HPLC (ThermoFisher) equipped with an Aminex HPX.87H ion-exclusion column and 

precolumn (Bio-Rad) using a refractive index (RI) detector (RefractoMax520) and a diode array 

detector (UV/VIS, Dionex UltiMate 3000). The measurements were performed at 70 °C and 0.6 

mL min-1 flow rate, using 4 mM sulfuric acid as eluent. Sample preparation was done by filtering 

(0.2 µm pores) the collected acidified electrolyte. Calibration was performed using commercially 

available reference compounds in a concentration range from 0.1 to 100 mM in all cases except 

for formic acid and glycerol, for which the calibration was done in a concentration range from 

0.1 to 1 M. Ammonium formate (Sigma-Aldrich, ≥ 99 %), sodium D-lactate (Aldrich, 99 %), 

glycolic acid (Sigma-Aldrich, 99 %), calcium L-(-)-glycerate dihydrate (Alfa Aesar), tartronic 
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acid (Sigma-Aldrich, ≥ 97 %), oxalic acid (Fluorochem), and acetic acid (Sigma-Aldrich, 

99.8 %) were used as received without further purification. All products were detected using the 

RI detector, except formic acid, which was quantified using the UV/VIS detector set at 220 nm, 

where glycerol is not detectable. Due to the overlapping of glycerol and formic acid peaks in the 

RI detector, the glycerol concentration was derived by subtracting the area of the formic acid 

peak that was calculated with the concentration detected by the UV/VIS detector considering the 

corresponding calibration factors (i.e. slopes of corresponding calibration curves).  

13C-NMR measurements were carried out using a Bruker Avance DRX-400 [SF (13C): 100.62 

MHz] with a 13C with 1H CPD decoupling pulse program, time per scan (AQ) of 0.6 s, relaxation 

delay (D1) of 2 s, number of scans (NS) of 32,000, and estimated total time of 24 h. Sample 

preparation was done by adding 120 µL D2O to 480 µL electrolyte (20% dilution by D2O). 

DMSO-D6 was added as an internal standard. 

Data processing: Potentials in the manuscript are reported with respect to the reversible 

hydrogen electrode (RHE) calculated according to Equation 2. The pH value of the electrolyte 

was determined according to Equation 3, considering activity coefficient values (γ) of 0.766 58,59 

and 1.298 60 for 1 and 7 M KOH solutions, respectively.  

𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅 = 𝐸𝐸𝐴𝐴𝐴𝐴|𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴|𝐾𝐾𝐾𝐾𝐾𝐾 + 𝐸𝐸𝐴𝐴𝐴𝐴|𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴|𝐾𝐾𝐾𝐾𝐾𝐾
0 + 0.059 ∙ pH  (2) 

pH = 14 + log[OH−] + log 𝛾𝛾  (3) 

The potentials were further corrected by subtracting the product of the measured current (i) and 

the uncompensated resistance obtained from EIS (RU) according to Equation 4 to compensate 

for the ohmic potential drop due to RU. 

𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅 − 𝑖𝑖 ∙ 𝑅𝑅𝑈𝑈  (4) 

Conversion of glycerol was calculated according to Equation 5, considering the initial moles of 

glycerol (n0) and the moles remaining at the moment of sampling (ni) as determined by HPLC. 
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To obtain ni, the volume of the anode reservoir, corrected by the total sample volume taken up to 

that moment, was considered. 

% conversion = 𝑛𝑛0−𝑛𝑛𝑖𝑖
𝑛𝑛0

∙  100  (5) 

The Faradaic Efficiency (%FE) towards the formation of individual GOR products (FEp) was 

calculated according to Equation 6, taking into account the sample volume (V), the product 

concentration (Cp), the number of electrons transferred (np), the Faraday constant (F), the 

stoichiometric factor (sp) and the total charge passed during the measurement (Q).30 

%𝐹𝐹𝐹𝐹 = 1
𝑠𝑠𝑝𝑝
∙ 𝑉𝑉 𝐶𝐶𝑝𝑝 𝑛𝑛𝑝𝑝 𝐹𝐹

𝑄𝑄
∙ 100  (6) 
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