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Abstract 

A mixed Co and Ni boride precursor was synthesized via chemical reduction and subsequently 

annealed at 400 or 500 °C with or without prior addition of the monomer benzoxazine. The 

resulting mixed CoNiB materials were investigated as electrocatalysts for three alcohol 

oxidation reactions (AOR) in alkaline electrolyte: the oxidation of glycerol (GOR), ethylene 

glycol (EGOR) and ethanol (EOR). Comparison of the rotating disk electrode (RDE) cyclic 

voltammograms for the different catalysts revealed that CoNiB annealed at 500 °C without the 

addition of benzoxazine exhibited the lowest overpotentials in AORs at 10 mA cm–2, 

promoting GOR at 224 ± 6 mV lower potential compared to OER. When pyrolysis was 

conducted at 400 °C, the benzoxazine-containing catalyst showed a significant increase in the 

electrocatalytic activity for the AORs compared to the CoNiB catalyst only. The product 

selectivity on the different catalysts was investigated in a batch-type reactor with flow 

recirculation revealing formate as the main oxidation product during GOR and EGOR with 

faradaic efficiencies (FE) in a range of 60 – 80 %, while acetate was obtained during EOR (FE 

~ 85 – 90 %). The electrode potential, electrolyte composition and the type of ionomer were 

explored with respect to their influence on the GOR selectivity. The use of different ionomers 

resulted in significant differences in the activity trends between RDE and the batch-type 

reactor with flow recirculation measurements, indicating a strong influence of the two different 

substrates used, namely glassy carbon and carbon paper on the catalyst formation and thus on 

the recorded electrochemical activity.  

1. Introduction 

In light of the increase in the atmospheric CO2 concentration, 

the rise of the global temperature and the impact of climate 

change, replacing a fossil fuel-based economy with one based 

on renewable energy is vital. The sources of green energy 

such as wind and sunlight could then not only be used for the 

provision of electrical energy but also to directly produce 
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basic chemicals and fuels. Electrocatalysis, which is precisely 

at the junction between electrical and chemical energy, will 

play a central role in accomplishing this task.[1–3] 

The electrochemical splitting of water produces hydrogen 

and oxygen at the cathode and the anode, respectively. 

Hydrogen has the potential to emerge as a future energy 

carrier and fuel that can be stored, burned, refined, or used as 

a replacement for other fossil fuel-based reducing agents such 

as coke, for example in the steel industry.[4, 5] Nevertheless, 

the necessary electrical energy to drive the electrolytic 

processes must come from green-energy sources in order to 

achieve the goal of net-zero CO2 emissions. In addition, to 

facilitate water electrolysis on an industrially relevant scale, 

an efficient process and thus also cost-effective 

electrocatalysts are necessary.[6, 7] Since the electrochemical 

oxygen evolution reaction (OER) requires the transfer of four 

protons coupled to four electrons, while in the 

electrochemical hydrogen evolution reaction (HER) only two 

protons coupled to two electrons are needed, OER is the 

kinetically limiting reaction in water electrolysis showing 

typically slower kinetics and consequently also higher 

overpotentials.[8] Alternative anode reactions such as the 

oxidation of alcohols (AOR) offer the possibility to use less 

electrical energy and generate value-added products, thereby 

improving the overall energy and cost efficiency of the 

electrolytic process.[9–11] Small chain alcohols can be used 

as inexpensive and readily available sustainable feedstocks 

because they can also be produced from biomass.[12, 13] 

Glycerol, for example, is a by-product of biodiesel 

production, which is obtained via the transesterification of 

vegetable oils.[12, 14] Glycerol can be oxidized into 

numerous valuable chemicals used in many different 

industries. The potential products include formic 

acid/formate, which can be utilized as a fuel in fuel cells, as 

an anti-icing agent and as a food or rubber additive.[15, 16] 

The market price of formic acid (85 wt.%) was around 0.6 – 

0.8 $ per kg[17] in 2019, whereas glycerol (80 wt.%) cost 

about 0.08 – 0.18 $ per kg[18] in the same year. Thus, by 

converting glycerol to formic acid, a potential 4- to 7-fold 

value increase can be achieved. 

Mono- or polymetallic catalysts containing precious 

metals such as Ru,[19, 20] Pd[21, 22], Pt[23, 24], or Au[25, 

26] have been successfully tested for the AOR and the 

electrochemical glycerol oxidation reaction (GOR) in 

particular. Although these materials show low overpotentials, 

they have several drawbacks concerning their use at an 

industrial scale, as precious metals are scarce and expensive, 

meanwhile low current densities are often obtained due to the 

formation of an oxide layer in situ or CO-poisoning. In 

contrast, 3d transition metals are earth-abundant, low-priced, 

stable under alkaline conditions and enable higher current 

densities, albeit at higher potentials compared to the noble 

metal-based catalysts. In the AOR, catalyst materials 

especially based on Ni and/or Co as their respective metals 

and metallic nanoparticles,[27, 28] layered double 

hydroxides,[29, 30] hydroxides,[31, 32] spinels,[33–37] 

perovskites[38, 39] or other oxide materials[40–42] are 

commonly used. Additionally, Ni-based borides were shown 

to catalyze the oxidation of alcohols such as methanol,[43] 

solketal,[44] HMF[45] and glycerol[46, 47] as well. 

As it is known from OER research, the combination of Co 

and Ni is an attractive pathway to enhance the activity of the 

corresponding monometallic Co or Ni borides.[48–53] A 

Co0.1Ni0.9B catalyst synthesized via chemical reduction[48] 

allowed 10 mA cm–2 to be recorded at a considerably lower 

overpotential (η10) of only 330 mV compared to the 

monometallic Co and Ni borides. Similarly, Xu et al.[49] 

obtained a CoNiB catalyst on Ni foam (NF) after chemical 

reduction and annealing at 500 °C, which revealed a higher 

activity than the as-prepared CoNiB@NF (without the 

annealing step), CoxB@NF and the noble metal-based RuO2 

at current densities of 50 mA cm–2. Moreover, Sun et al.[50] 

prepared CoNiB nanosheets by chemical reduction followed 

by annealing at 400 °C and found superior activity of CoNiB 

over CoxB and NixB with a η10 value of 320 mV. To our 

knowledge, the application of mixed Co and Ni borides for 

electrocatalysis of the GOR, EGOR and EOR has not yet been 

reported. 

The pyrolysis of polybenzoxazines, which can be formed 

by thermal polymerization of benzoxazine (BO) monomers, 

can generate an amorphous carbon matrix into which catalyst 

materials can be embedded. Furthermore, the carbon matrix 

can provide additional electrical conductivity as well as 

stability of the catalyst film, which has been demonstrated for 

different electrocatalytic reactions such as the OER[54–57], 

the oxygen reduction reaction (ORR)[57], and the carbon 

dioxide reduction reaction (CO2RR)[58]. 

In this study, a mixed Co and Ni boride (CoNiB) 

composite was synthesized by chemical reduction. The 

obtained precursor was subsequently annealed at 400/500 °C 

in an inert gas atmosphere to form the active catalyst material. 

Furthermore, the addition of a benzoxazine monomer (BO) to 

the catalyst was explored and the respective influence on the 

catalyst activity and selectivity for the GOR, EGOR and EOR 

was investigated using cyclic voltammetry in a rotating disk 

electrode (RDE) setup and chronoamperometry in a batch-

type reactor under flow recirculation. Furthermore, the 

influence of the electrode potential, electrolyte composition 

and the ionomer used for the preparation of the catalyst film 

on the selectivity during GOR was investigated. 

2. Methods 

2.1 Materials 

Co(II) chloride, anhydrous (Sigma-Aldrich, >97 %), Ni(II) 

chloride hexahydrate (Sigma-Aldrich, 99.9 %), sodium 

borohydride (Sigma-Aldrich, >98.0 %), glycerol (Fisher 

Scientific, ≥99%), ethylene glycol (Acros Organics, 99 %), 

ethanol, absolute (VWR International, 99.97 %), acetone 

(Sigma-Aldrich, >99.5 %), Nafion (Sigma-Aldrich, 5 wt.% in 

lower aliphatic alcohols and water, 0.93 mg mL–1), Sustainion 

(Dioxide Materials, 5 wt.% in ethanol, 0.79 mg mL–1), Ni 
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foam (Goodfellow), benzoxazine (Huntsman, Araldite MT 

35600 CH), NaOH (Sigma-Aldrich, >97.0 %), sulfuric acid 

(Merck, 98 %), ammonium formate (Sigma-Aldrich, ≥99 %), 

glycolic acid (Sigma-Aldrich, 99 %), calcium L-(–)-glycerate 

dihydrate (Alfa Aesar) and oxalic acid (Fluorochem) were 

used as purchased without further purification. KOH 

solutions (Fisher Scientific, 86.8 %) were purified by a 

Chelex 100 cation-exchange resin (Sigma-Aldrich, 50–100 

mesh) to remove metal impurities. All solutions were 

prepared with ultrapure water. 

2.2 Synthesis 

The CoNiB precursor was prepared in a round-bottomed flask 

in which 20 mL of an aqueous solution of both 0.5 M cobalt 

chloride and 0.5 M nickel chloride was deaerated, flushed 

with argon and kept at 0 °C using an ice bath. A syringe was 

used to slowly inject deaerated 1 M sodium borohydride in 

0.1 M NaOH into the metal salt solution.[59, 60] The 

precipitate of the prepared borides was collected and washed 

with considerable volumes of ultrapure water and ethanol and 

further stored in acetone. To synthesize the catalyst materials, 

the precursor was dried under an inert gas stream and either 

directly transferred to a ceramic boat to perform the heat 

treatment procedure or was dispersed in EtOH (5 mg mL–1) 

to which BO was added in a mass ratio of precursor to BO of 

7:1. The dispersion was sonicated in an ultrasonic bath for 

15 min and the solvent was evaporated at room temperature 

in an inert gas stream. The powder was transferred to a 

ceramic boat and the following pyrolysis procedure was 

performed in a tube furnace: The temperature was increased 

to 200 °C and kept for 2 h, followed by a second temperature 

increase to either 400 or 500 °C where the temperature was 

held for 2 h. A heating ramp of 10 °C min–1 and an Ar flow 

of 100 mL min–1 were used throughout the thermal treatment. 

2.3 Characterization 

2.2.1 Structural Characterization 

X-Ray Powder Diffraction patterns were recorded at room 

temperature using Cu Kα radiation on a Bruker D8 Discover 

X-ray diffractometer in reflection mode (2θ = 30° – 80°, step 

size 0.01°). For data treatment and evaluation, the Bruker 

software DIFFRAC.EVA was used. 

Inductively coupled plasma - mass spectrometry (ICP-MS) 

measurements were performed with an Anton Paar 

Multiwave PRO. For the measurement, 10 mg of sample were 

dissolved in concentrated nitric acid and diluted with water. 

Scanning Electron Microscopy and EDX Measurements were 

recorded using a Quanta 3D FEG scanning electron 

microscope (FEI) operated at 20 kV along with energy-

dispersive X-ray spectroscopy using 30 kV accelerating 

voltages. 

X-Ray Photoelectron Spectroscopy (XPS) measurements 

were performed using a VersaProbe II (ULVAC-Phi 5000) 

with a monochromatic Al Kɑ source. Reported sensitivity 

factors [72] were corrected for the specific transmission of 

the instrument by a transmission function, which was 

calculated by measuring the different Cu peaks on a sputter-

cleaned Cu foil, deriving thus machine-specific sensitivity 

factors. The software used for fitting was CasaXPS. 

Quantitative atomic concentrations and analyses of the 

species were performed for the B 1s, C 1s and O 1s 

photoemission peaks. Due to potential inaccuracies resulting 

from the Ni LMM contributions to the Co 2p signals, atomic 

concentrations of Co and Ni were calculated from the 3p 

spectra, while the deconvolution of the Co and Ni species was 

performed on the 2p3/2 signals accounting for the Ni LMM 

peak. To obtain an estimate of the Ni LMM intensity, the Ni 

LMM and Ni 3p combination of a Co-free sample was 

analyzed beforehand. 

Transmission electron microscopy (TEM) measurements 

were carried out on a Jeol JEM 2200 fs microscope 

(Akishima, Japan) equipped with a probe-side Cs corrector 

operated at 200 kV acceleration voltage. The images were 

taken in conventional bright field mode. EDX elemental 

mappings were acquired with an X-Max 100 detector (Oxford 

Instruments, Abingdon, United Kingdom). 

Contact Angle Measurements were performed using 

OCA15PRO equipment (Data Physics Instruments GmbH). 

2.2.2 Electrochemical Characterization 

Electrocatalytic Activity. The electrochemical measurements 

were performed using a Metrohm Autolab bipotentio-

stat/galvanostat PGSTAT302N in an RDE three-electrode 

setup. As electrolyte, either Ar-saturated 1 M KOH solution 

or Ar-saturated 1 M KOH + 0.1 M alcohol (ethanol, ethylene 

glycol or glycerol) was used. As a working electrode (WE) a 

glassy carbon disc (0.113 cm² geometric area) was used, 

while a platinum coil and a double junction Ag/AgCl (3 M 

KCl) electrode were used as counter (CE) and reference 

electrodes (RE), respectively. Catalyst inks of 5 mg mL–1 

were prepared in a mixture of ultrapure water, ethanol and 

Nafion solution (volumetric ratio of 49:49:2) and sonicated 

for 15 min. When Sustainion was tested the volumetric ratio 

of water, ethanol and ionomer was adjusted to a volumetric 

ratio of 48.8:48.8:2.3. 6.78 µL of the respective ink was drop-

casted on the polished glassy carbon rotating disk electrode 

and dried at room temperature to obtain a catalyst mass 

loading of 300 μg cm–2. Electrochemical impedance spectra 

(EIS) were collected at open-circuit potential (OCP) to 

determine the uncompensated resistance in a frequency range 

of 100 kHz to 0.1 kHz using a 10 mV (RMS) AC amplitude. 

Cyclic voltammograms were recorded from 0 to 0.8 V vs. 

Ag/AgCl (3 M KCl) using a scan rate of 5 mV s–1 at a rotation 

speed of 1600 rpm. Three consecutive cyclic voltammograms 

were obtained. For each catalyst, all the measurements were 
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conducted in triplicate. The recorded potentials were 

converted from Ag/AgCl (3 M KCl) scale to the reversible 

hydrogen electrode (RHE) scale using equations 1 and 2. 

ERHE = Emeasured + E0
Ag/AgCl (3 M KCl) + 0.059 pH – i ∙ RU       (1) 

pH = 14 + log ([OH–]) + log (γ)         (2) 

ERHE: WE potential vs. RHE, Emeasured: Measured potential at 

the WE vs. Ag/AgCl (3 M KCl), E0
Ag/AgCl (3 M KCl): Formal 

potential of Ag/AgCl (3 M KCl) vs. RHE, pH: pH value 

determined considering the OH– concentration and using an 

average value of γ = 0.766 [61–63] for the activity coefficient 

of KOH in water (see equation 2), i: Measured current, RU: 

Uncompensated resistance. 

Determination of the electrochemical double-layer 

capacitance. The electrochemical double-layer capacitance 

(Cdl) was determined in the already described three-electrode 

RDE setup using Ar-saturated 1 M KOH. Ten cyclic 

voltammograms were recorded in a 500 mV window in the 

non-faradaic potential region of -0.1 to -0.6 V vs. Ag/AgCl 

(3 M KCl) using different scan rates (ν): 0.01, 0.05, 0.1, 0.25, 

0.5, 0.75, 1, 2.5, 5, 7.5, 10, 12.5 and 15 V s–1. The double-

layer charging current (ic) was extracted from the last anodic 

scans at the center potential of -0.35 V and plotted against the 

scan rate (v). The electrochemical double-layer capacitance 

was obtained by fitting to an allometric model using 

equation 3 as previously described elsewhere.[64] The range 

of the scan rates used for the respective fitting of double-layer 

charging currents was optimized for each catalyst and the 

corresponding Cdl value was then used as an estimation for 

the ECSA since a proportional relationship is widely 

accepted.[65] 

ic = Cdl · v b           (3) 

Electrolysis in a batch-type reactor with flow recirculation 

Chronoamperometric measurements (CA) were performed in 

a batch-type reactor with flow recirculation (abbreviated as 

flow cell) containing two compartments separated by an 

anion exchange membrane (Fumatech fumasep FAA-3-PK-

130). Ni-foam was used as a counter electrode in the cathode 

compartment, while in the anode compartment the catalyst-

modified carbon paper (H23, Freudenberg, 0.95 cm² 

geometric area exposed to electrolyte) and an Ag/AgCl 

(3.4 M KCl) leak-free reference electrode (Innovative 

Instruments, Inc.) were used as WE and RE, respectively. 

1 M KOH solution was introduced in the cathode 

compartment, while in the anode compartment 0.1 M alcohol 

(glycerol, ethylene glycol, or ethanol) in 1 M KOH was used 

at a constant flow rate of 7 mL min–1. Catalyst-modified 

carbon paper electrodes were prepared by spray coating. The 

powder catalysts were dispersed in a 0.2 vol.% solution of 

Nafion in ethanol or 0.23 vol.% solution of Sustainion in 

ethanol to generate catalyst inks with a concentration of 

1.3 mg mL–1. The spray-coating process was performed while 

heating the carbon support at 125 °C and a mass loading close 

to 0.5 mg cm–2 was obtained. Measurements were conducted 

using Metrohm Autolab bipotentiostat/galvanostat 

PGSTAT302N or PGSTAT204. Impedance spectra were 

collected as described before and the CA measurements were 

carried out at 0.5 V vs. Ag/AgCl (3.4 M KCl) for 4 h. 

Product Analysis. 250 µL of a sample was collected manually 

at different reaction times (1, 2, 3 and 4 h) from both anodic 

and cathodic compartments. The samples were diluted with 

300 µL of 0.5 M H₂SO₄ directly after sampling and before 

performing HPLC measurements. Measurements were 

conducted on the AZURA HPLC system (Knauer) with a 

refractive index detector (RID 2.1L, Knauer) and a diode 

array detector (UV/VIS, DAD 2.1L, Knauer). An ion-

exclusion column (Eurokat H, Knauer) and precolumn were 

used at 70 °C and a flow rate of 0.6 mL min–1 with 5 mM 

H₂SO₄ as the eluent to separate the products obtained from 

AOR. Products were assigned by calibration with 

commercially available reference compounds. The products 

were measured by the UV/Vis detector at 220 nm. Since 

glycerol and formic acid overlap in the refractive index 

detector (RID), glycerol concentrations were calculated as 

described previously.[74] The Faradaic efficiency (FE) was 

calculated using equation 4 and averaged over two electrodes 

per potential and catalyst.[36] 

Faradaic efficiency  =  
1

ν𝑃
∙

(𝑛t,product−𝑛i,product) ∙ 𝐹 ∙ 𝑛(e−)

𝑄total
∙ 100%  (4) 

𝜈𝑃 Stoichiometric factor, 

𝑛t,product Number of moles of the respective product at time t 

in mol, 

𝑛i,product Initial number of moles of the respective product in 

mol, 

𝐹 Faraday’s constant; 96485 C mol–1, 

𝑛(e−) Number of electrons from the oxidation of 1 mol of 

glycerol into the respective product in mol, 

𝑄total Total charge passed WE during electrolysis in C. 

Differential electrochemical mass spectrometry (DEMS) 

experiments were conducted using a Hiden HPR40 DEMS 

system (Hiden Analytical Ltd., UK). An electron energy of 

70 eV was used for ionization with an emission current of 500 

μA. Ionized oxygen (m/z = 32) was accelerated with a voltage 

of 3 V and detected by a Faraday Cup detector. 

Electrochemistry during DEMS experiments was performed 

on a Biologic VSP-300 potentiostat in a single-compartment 

thin-layer cell made of PEEK with a three-electrode 

configuration (supplied by HIDEN Analytical Ltd.). Cyclic 

voltammograms were recorded from +1 to +1.8 V vs. RHE at 

a scan rate of 2 mV s–1. The electrolyte was circulated through 

the cell in a continuous flow mode with a rate of 60 μL min–

1 by means of a syringe pump. The working electrode was a 

glassy carbon rod of 5 mm diameter with the catalyst drop-

coated on top with a loading of 0.3 mg cm–². The counter 

electrode was a Pt wire of 0.5 mm diameter set at the outlet 

of the electrolyte and the reference electrode was a leakless 

Ag/AgCl (3.4 M KCl) reference electrode (Innovative 
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Instruments, Inc., USA). A 28 μm thick PTFE membrane 

with a pore size of 20 nm was located between the thin-layer 

cell and the mass spectrometer inlet port. DEMS signals were 

processed to minimize the influence of bubble noise on the 

recorded trends with the smoothing method “Averaging 

adjacent” between 3 – 5 points using the software “Origin Pro 

2020”. DEMS signals shown are background subtracted. 

The calibration of the m/z 32 DEMS signals and the 

corresponding O2 faradaic current densities (jOxygen) was 

conducted with a reported active and stable OER catalyst, a 

Co-hydroxynitrate[66], in an alcohol-free 1 M KOH solution. 

The following expression was found: 

𝑗𝑂𝑥𝑦𝑔𝑒𝑛 (mAcm−2) = m z⁄  32 DEMS signal (Torr) ·  7.56887 · 109      (5) 

3. Results and discussion 

The CoNiB precursor was synthesized by chemical reduction 

of Co and Ni chloride salts with NaBH4 in 0.1 M NaOH. 

Inductively coupled plasma - mass spectrometry (ICP-MS) 

revealed a Co:Ni:B ratio of 1.0:1.1:1.1 in the final material. 

The CoNiB precursor was either dispersed in BO-containing 

EtOH at a mass ratio of precursor:BO of 7:1, which was found 

to be the most promising in preliminary experiments (Figure 

S1) or used as prepared and pyrolyzed at 400/500 °C in Ar 

atmosphere. The resulting samples are labeled with the 

CoNiB precursor:BO ratio and the pyrolysis temperature, e.g. 

“CoNiB:BO 1:0 500°C” for the CoNiB catalyst that was not 

mixed with BO, annealed at 500 °C. 

Scanning electron microscopy (SEM) images of the 

CoNiB materials are presented in Figure S2. The catalysts do 

not show clearly defined morphologies. While the BO-free  

catalysts (1:0) seem to have a more 3D appearance, the BO-

containing materials (7:1) seem to be more platelet- and 2D-

like. Slight differences in the crystalline structure were 

identified based on the powder X-ray diffraction (PXRD) 

patterns shown in Figure 1a. For the precursor, only a broad 

diffraction signal at around 2θ = 45° can be noticed, which 

reflects its X-ray amorphous structure and is consistent with 

other reports on Co and Ni borides formed via chemical 

reduction by NaBH4.[48, 49, 53, 67] On the other hand, the 

catalyst materials reveal the presence of metallic Ni 

reflections with possible small contributions of metallic Co, 

whereas other crystalline phases cannot be identified. The 

most intense reflection at 2θ = 44.5°, present in all 

diffractograms, is assigned to the metallic Ni (111) plane. Its 

intensity increases strongly when higher temperatures are 

used during the pyrolysis step and when BO has been added 

to the CoNiB precursor. The occurrence of metallic Ni can be 

attributed to the unusual metal-metalloid structure, in which 

nanocrystalline metal clusters are embedded in an amorphous 

B-based matrix consisting of B(OH)3, B2O3 and metal borides 

that supposedly prevent the metallic cores from their growth 

and oxidation.[49, 67, 68] Here, the thermal treatment may 

have led to a crystallization of the formerly X-ray amorphous 

Ni core, which was further enhanced by the addition of a 

reductive carbon source such as BO and was most 

pronounced at 500 °C. The formation of crystalline domains 

within an amorphous matrix can also be observed at different 

magnifications of the transmission electron microscopy 

(TEM) images of particles from CoNiB:BO 1:0 500°C and 

7:1 500°C in Figure 1b. Furthermore, Ni appears to aggregate 

more strongly than Co and O, as indicated by the EDX 

analyses of the catalyst particles (Figure 1b). Moreover, the 

1:0 samples show several small crystalline subregions with a 

diameter of <10 nm (Figure 1b – region 2), which are 

observed less frequently in the BO-containing catalyst, for 

which regions of layers with a distance of 3.4 Å can be 

noticed (marked in yellow), attributed to graphitic carbon 

formed most probably via the pyrolysis of the C precursor 

BO. 

The materials were further characterized by X-ray 

photoelectron spectroscopy (XPS) and the corresponding 

spectra and their deconvolution are displayed in Figure S3, 

while a summary of the elemental concentration of the 

respective elements and the type of the Ni and Co species is 

provided in Figures 1c and d. and Table S1. The dominant 

element on the surface of the catalyst is O, which is present 

in Ni or Co hydroxides (531.3 eV) and as surface organic 

oxygen (532.2 eV).[51, 69] Higher C contents manifested on 

the surface when BO was added to the CoNiB precursor prior 

to the pyrolysis step. The presence of carbon in the BO-free 

catalysts could be associated with adventitious carbon and the 

contact of the material with ethanol and acetone during the 

washing and storage of the sample, respectively. The B 

concentration is higher for the samples pyrolyzed at 500 °C 

ranging between 20 – 25 at.%, while only 8 – 14 at.% was 

observed when pyrolysis was conducted at 400 °C with the 

highest relative B content on the surface found for CoNiB:BO 

1:0 500°C. In the B 1s spectra, it can be noted that the binding 

energy lies at 192.0 (400 °C) and 192.6 eV (500 °C), 

respectively, which was previously reported for oxidized B 

species.[59, 60, 70] The positive shift in the binding energy 

of the B 1s level at 400 °C and 500 °C may indicate a change 

in the electronic properties on the surface induced by the 

pyrolysis process. In the B 1s spectrum, an interaction of Ni 

and Co with B can be observed typically at lower binding 

energies (~187.7 eV), while its absence is in alignment with 

previous reports.[49, 50, 60] 

Figure S3e shows the high-resolution XPS spectra of Ni 

2p. The characteristic Ni 2p3/2 core peak appears at 855.2 eV 

for the pyrolyzed samples at 400 °C. For those prepared at 

500 °C, the Ni 2p3/2 core peak is shifted positively towards 

higher binding energies at 855.6 eV, indicating a possible loss 

of electron density from Ni. The Ni 2p spectra of the samples 

pyrolyzed at 400 °C and 500 °C suggest that Ni at the surface 

is predominantly in the oxidation state of +II as the signals 

could be deconvoluted into Ni(OH)2 and NiO.[69] For the 

samples pyrolyzed at 500 °C, minor contributions of Ni0 

(Figure 2d, Figure S3e) can be noticed, which agrees with the 

more intense reflections of metallic Ni in the PXRD 

measurements (Figure 1a). At 400 °C the main Ni species on 

the surface of the samples is Ni(OH)2, while at 500 °C an 
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increased amount of NiO was noted (Figure 1d), suggesting 

the loss of water molecules from Ni(OH)2 at higher pyrolysis 

temperatures.  

The core peak of the Co 2p3/2 level (Figure S3d) is found 

at 780.5 eV (400 °C) and 781.5 eV (500 °C), corresponding 

to a Co oxidation state of +II (mainly from CoO and 

Co(OH)2) and +III (MgCo2O4
[71] was used as reference). The 

Auger peak of Ni LMM was also considered in the 

deconvolution of the Co 2p spectrum.[72] The positive 

chemical shift of the Co 2p3/2 levels at higher pyrolysis 

temperatures indicates modulation of the electron density at 

the metal Co, being previously observed when annealing 

Co3B over a temperature range of 200 – 800 °C.[73] The 

appearance of both surface Ni and Co hydroxides/oxides can 

be attributed to the formation of a core-shell structure by 

spontaneous surface oxidation from air and water 

exposure.[59] In the case of Co at a pyrolysis temperature of 

400 °C both Co2+ and Co3+ contribute equally to the Co 2p3/2 

signal, while a pyrolysis temperature of 500 °C leads to a 

higher concentration of Co2+ on the surface, which is visible 

by the more pronounced satellite peak in the Co 2p spectra 

(Figure 1d). 

Interestingly, the Co concentration determined by XPS in 

relation to the total metal loading was higher on the surface 

with ~70 at.% for most of the catalysts, while on CoNiB:BO 

1:0 500°C it reached only 57 at.%. On the other hand, energy-

dispersive X-ray (EDX) analysis of the bulk materials 

resulted in Co:Ni ratios of around 50:50 (Figure 2 and Table 

S2), which is consistent with the nominal metal ratio during 

the chemical reduction reaction and the ICP-MS results for 

the precursor composition. Furthermore, like the XPS results, 

the EDX results also show a lower Co to the total metal 

content in CoNiB:BO 1:0 500°C, indicating not only a 

surface effect. Consequently, the XPS and EDX results 

suggest a dynamic situation during the annealing/pyrolysis 

process as the segregation of B causes the Ni and Co 

concentrations on the surface to decline, usually leaving 

higher concentrations of Co than Ni.  

 

The CoNiB-based materials were drop-casted on polished 

glassy carbon (GC) electrodes and their electrocatalytic 

activity towards the OER, GOR, EGOR and EOR was 

investigated by recording three consecutive cyclic 

voltammograms (CV) in Ar-saturated 1 M KOH or 1 M KOH 

+ 0.1 M of the respective alcohol (glycerol, ethylene glycol, 

 
Figure 1. PXRD, XPS and TEM/EDX analysis of the catalyst materials. a) PXRD pattern of the precursor and catalysts in 

comparison to metallic Ni and Co references (COD Nos. 9012949 (Co) and 2100646 (Ni)). b) TEM images and EDX analysis 

of particles of CoNiB:BO 1:0 500°C and CoNiB:BO 7:1 500°C. c) Elemental concentrations of the C, O, Co, Ni and B on the 

surface of the catalyst materials measured by XPS. d) Relative contribution of NiO, Ni(OH)2 and Ni species to the total Ni 

2p3/2 signal and relative contribution of the Co oxidation states (II and III) to the total Co 2p3/2 signal. 
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Figure 2. Co and Ni content of the investigated bulk materials 

in relation to the total metal loading determined by EDX and 

on the surface by XPS in at.%. 

or ethanol) with an RDE setup. The first CVs obtained using 

the different catalysts are presented in Figure 3, while the 

second and third CVs are depicted in Figures S4 – S7. In the 

case of the OER, the CoNiB-based materials show similar 

activity with a η10 of 330 ± 2, 321 ± 1, 309 ± 1, and 324 ± 1 mV 

for CoNiB:BO 1:0 400°C, CoNiB:BO 7:1 400°C, CoNiB:BO 

1:0 500°C and CoNiB:BO 7:1 500°C, respectively (Table S3 

and Figure S8). While CoNiB:BO 1:0 500°C is the most 

active catalyst in the OER, CoNiB:BO 1:0 400°C is the least 

active, which becomes even more evident at higher 

overpotentials. Additionally, an oxidation oxidation peak can 

be observed at around 1.1 – 1.2 V vs. RHE that could be 

assigned to the Co(OH)2/CoOOH transition and can also be 

noticed in the different alcohol-containing electrolytes in 

Figure 3. 

When 0.1 M glycerol was added to the KOH electrolyte 

(Figure 3b), the shape of the cyclic voltammograms (CVs) as 

well as the activity trend changed. While in 1 M KOH-only 

solution, the currents increase exponentially at potentials 

>1.5 V vs. RHE, in the alcohol-containing electrolyte the 

current increase is observed at much lower potentials without 

the same sharp increase at around 1.5 V vs. RHE. Differential 

electrochemical mass spectrometry (DEMS) confirms that 

the OER is suppressed in the glycerol-containing electrolyte 

using CoNiB:BO 1:0 500°C as a model catalyst, with oxygen 

being detected at potentials >1.55 V vs. RHE (Figure S9). 

Furthermore, the currents recorded in the cathodic scans of  

 
Figure 3. RDE cyclic voltammograms of CoNiB:BO catalysts recorded in Ar-saturated a) 1 M KOH, b) 1 M KOH + 0.1 M 

glycerol, c) 1 M KOH + 0.1 M ethylene glycol and d) 1 M KOH + 0.1 M ethanol at a scan rate of 5 mV s–1 and an electrode 

rotation of 1600 rpm.
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the CVs are smaller compared to the anodic scans for all four 

catalysts and the electrocatalytic activity during the 

successive CVs slightly decreases (Figures S4 – S7), 

indicating deactivation processes resulting from surface 

blockage due to strongly adsorbed intermediates and/or 

catalyst instability also influenced by the high upper limit 

potential of the CV.[38, 74] Similar to the results obtained in 

the alcohol-free 1 M KOH, CoNiB:BO 1:0 500°C is the most 

active catalyst in 1 M KOH + 0.1 M glycerol, with 10 mA 

cm–2 current density recorded at 1.32 V vs. RHE. The second 

most active catalyst is CoNiB:BO 7:1 400°C, which requires 

~10 mV more to reach the same current density, followed by 

CoNiB:BO 1:0 400°C and CoNiB:BO 7:1 500°C with 1.44 V 

and 1.54 V vs. RHE, respectively. The potential difference 

between EOER and EGOR (ΔηOER–AOR) to reach the mentioned 

current density corresponds to the saved energy by 

substituting the OER with an alternative anode reaction such 

as the GOR, with 224 ± 6 mV for the most active GOR 

catalyst, CoNiB:BO 1:0 500°C (Table S4 and Figure S10). 

Figure 3c depicts the CVs in 1 M KOH + 0.1 M ethylene 

glycol and the activity trend in generating 10 mA cm–2 

follows the same trend as the one found in 1 M KOH + 0.1 M 

glycerol, namely: CoNiB:BO 1:0 500°C (1.31 V vs. RHE) > 

CoNiB:BO 7:1 400°C (1.38 V vs. RHE) > CoNiB:BO 1:0 

400°C (1.40 V vs. RHE) > CoNiB:BO 7:1 400°C (1.54 V vs. 

RHE). In contrast to the glycerol-containing electrolyte, the 

anodic currents increase with a higher slope at potentials of 

>1.5 V vs. RHE, indicating a stronger contribution from the 

OER; as confirmed by DEMS measurements (Figure S9). The 

maximum energy saved by replacing the OER with the 

EGOR is 230 ± 2 mV realized with CoNiB:BO 1:0 500°C. 

The similarity of the activity trend in the two alcohol-

containing electrolytes may be related to the fact that both 

investigated alcohols so far are vicinal alcohols. 

Similar to the GOR and EGOR, in the presence of 0.1 M 

ethanol in 1 M KOH CoNiB:BO 1:0 500°C is the most active 

catalyst with 1.40 V vs. RHE to achieve 10 mA cm–2. The 

activity of CoNiB:BO 7:1 500°C shows higher EOR activity 

compared to the other AOR, showing similar electrocatalytic 

activity (1.44 V vs. RHE), as CoNiB:BO 7:1 400°C (1.42 V 

vs. RHE), and CoNiB:BO 1:0 400°C (1.45 V vs. RHE) 

(Figure 3d). For EOR, the currents begin to rise at ~1.4 V vs. 

RHE and reach a plateau at 1.5 V vs. RHE before increasing 

more strongly at 1.6 V vs. RHE, where O2 starts to be 

evolved, as shown by DEMS (Figure S9). 

While in 1 M KOH the catalysts show only small 

differences in the recorded currents, the thermal treatment of 

the CoNiB precursor at 500 °C without the addition of BO 

seems to result in a catalyst with clearly beneficial activity for 

the AOR. In comparison, lower currents are obtained for the 

corresponding CoNiB:BO 1:0 catalyst treated at 400 °C. 

Nevertheless, the addition of BO before the pyrolysis at 

400 °C results in a significantly increased electrocatalytic 

activity, with CoNiB:BO 7:1 400°C being the second most 

active catalyst in all the alcohol-containing electrolytes. At a 

potential of 1.50 V vs. RHE, where only little contributions 

from the OER are expected, as shown by the DEMS 

measurements (Figure S9), the current density achieved on 

CoNiB:BO 7:1 400°C is higher in all reactions compared to 

the CoNiB:BO 1:0 400°C (Figure S11). However, a similar 

boost in the activity could not be observed when BO was 

added to the CoNiB precursor and heated at 500 °C. In fact, 

the activity of CoNiB:BO 7:1 500°C is always lower 

compared to the BO-free catalysts. 

To gain further insight into the activity trends of the 

investigated reactions and particularly the high 

electrocatalytic activity of the CoNiB:BO 1:0 500°C catalyst, 

we determined the double layer capacitance (Cdl) as a 

proportional measure for the electrocatalytic surface area 

(ECSA) of the different catalysts in 1 M KOH by CV (Figure 

S12 and Table S5).[65] It was found that the Cdl values of the 

four catalysts are similar, ranging between 14.8 – 23.4 µF. 

CoNiB:BO 1:0 500°C, which displays the highest activity for 

the four reactions, exhibits the lowest Cdl value (14.8 µF) and 

thus the lowest ECSA of the different catalysts. In addition, 

CoNiB:BO 1:0 400°C, for which the highest Cdl value 

(23.4 µF) was obtained, turned out to be one of the least 

active catalysts for the OER and AOR. Based on this, it can 

be inferred that the observed activities of the CoNiB:BO 

samples cannot be solely explained by their surface area, but 

they are also related to their intrinsic catalytic activity.  

It appears that the position and the intensity of the 

Co2+/Co3+ oxidation peak depend on the catalyst as well as on 

the alcohol present in the electrolyte (Figure S13). It is well 

known that in the case of Ni-containing catalysts, the redox 

conversion is always visible and well defined, while in the 

case of Co this is not the case. Similar changes were reported 

for mixed Co and Ni borides, for which a shift of the peak 

towards positive potential was observed with increased Ni 

content.[53] In 1 M KOH, the most active OER 

electrocatalysts, CoNiB:BO 1:0 500°C, shows the most 

pronounced peak in the 1.1 - 1.2 V vs. RHE potential window. 

Interestingly, the redox conversion of the catalyst surface 

seems to be dependent on the investigated alcohol (Figure 

S14). While in ethanol, the peak shifts towards more cathodic 

potential, the presence of glycerol seems to delay the surface 

oxidation process and a peak shifts towards anodic potentials 

is observed. It can be hypothesized that the dependence of the 

Co(II) oxidation potential in the presence of different 

alcohols is due to the formation of different adsorption 

configurations of the alcohols at the active sites. 

During the AOR, valuable products can be obtained. To 

investigate product selectivity, the different CoNiB-based 

electrocatalysts were spray-coated on a carbon paper used as 

working electrodes in a batch-type reactor with flow 

recirculation, abbreviated as a “flow cell” (Figure S15). 

Electrolysis was performed for 4 h at a constant potential of 

1.52 V vs. RHE (Figure 4) using alcohol-containing 

electrolyte (1 M KOH + 0.1 M alcohol) as anolyte and 1 M 

KOH solution as catholyte. Samples of the electrolytes were 

collected each hour and the AOR products were measured 

using high-performance liquid chromatography (HPLC). The 
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Figure 4. Chronoamperometric measurements of CoNiB:BO catalysts and respective FE at 1.52 V vs. RHE for 4 h in a 

flow cell in Ar-saturated 1 M KOH and a,b) 0.1 M glycerol c,d) 0.1 M ethylene glycol e,f) 0.1 M ethanol. The 

chronoamperometric measurements are shown in duplicate to confirm reproducibility. 

products were detected in the form of organic acids but are 

reported here in their conjugate base form due to the high pH 

of the electrolyte during the reaction. Representative 

chromatograms from CoNiB:BO 1:0 500°C are presented in 

Figure S16 and the concentration profiles depending on the 

electrolysis time are shown in Figures S17 – S19. 

The resulting chronoamperometric measurements are 

displayed in Figures 4a, c, and e, whereas the corresponding 

FEs are shown in Figures 4b, d, and f. The recorded currents 

all follow a similar profile. A sharp decrease in the currents 

is observed at the beginning, followed by a less pronounced 

decrease after 30 minutes caused by the reactants' continuous 
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depletion. The detected products in the electrooxidation of 

1 M KOH + 0.1 M glycerol are formate with FE in the range 

of 70 – 80 %, glycolate (FE of 4 – 7 %), and glycerate (FE < 

1 %), while in 1 M KOH + 0.1 M ethylene glycol 

predominantly formate (FE of 60 – 75 %) and glycolate (FE 

of 1 – 4 %) are formed. Small amounts of oxalate can be 

detected in both cases. In contrast, only acetate was detected 

in 1 M KOH + 0.1 M ethanol with FE in the range of 85 – 

90 %. These results are consistent with reports of the 

selectivity of other Co and Ni-based non-noble metal 

catalysts in the AOR.[40–42, 46, 75] The overall FEs during 

the AOR experiments do not reach 100 %, indicating that 

further oxidation to CO2 may occur, which we cannot detect 

due to the CO2 conversion to carbonate. In addition, oxygen 

may be formed at the anode but at this potential, the 

contribution of the competing OER to the recorded currents, 

and thus to the FE, is expected to be small as illustrated by 

the DEMS measurements (Figure S9). 

Interestingly, despite the different electrocatalytic activities 

obtained in the RDE experiments, FEs during the AOR are 

similar for all catalysts and do not change significantly with 

the electrolysis time, suggesting that the different pyrolysis 

temperatures and the addition of BO during the Co and Ni 

boride catalyst synthesis do not influence the AOR selectivity 

strongly. Additionally, it can be observed that the activity 

trends in the RDE experiments are not equally reflected in the 

flow cell measurements, as CoNiB:BO 1:0 500°C, for 

example, reaches the highest currents in 1 M KOH + 0.1 M 

glycerol in both the RDE and flow cell experiments but shows 

the lowest currents on average during EGOR and EOR in 

comparison to the other boride catalyst in the flow cell 

measurements. Furthermore, the BO-containing catalyst 

offered higher current densities than the BO-free catalysts 

during the flow cell measurements, unlike in the RDE 

experiments. This discrepancy between the RDE and flow 

cell measurements could partly be attributed to the different 

experimental conditions. While for the flow cell 

measurements, a three-dimensional working electrode of 

~1 cm² (catalyst loading: 0.5 mg cm–2) is prepared by spray-

coating of the respective catalyst and 7 mL of electrolyte are 

circulated in the anodic half-cell at a flow rate of 7 mL min–1 

for several hours, for the RDE experiments the catalyst inks 

are drop-casted on a two-dimensional glassy carbon electrode 

with ~0.1 cm² (catalyst loading: 0.3 mg cm–2), which is 

rotated at 1600 rpm in 100 mL of electrolyte for several 

minutes. Thus, for example, the concentration of 

intermediates and products may differ over time and 

differences in the mass transport may also occur owing to the 

different measurement setups and catalyst films. On the one 

hand, these results emphasize that the two systems may not 

be exactly comparable, but on the other hand they underline 

the importance of measuring electrocatalytic performances of 

these boride materials not only via RDE but also using a setup 

that resembles more closely those used for industrial 

applications. 

To investigate the influence of the potential and electrolyte 

composition on the GOR selectivity, we used CoNiB:BO 1:0 

500°C as a representative catalyst and the resulting 

chronoamperometric measurements and the corresponding 

FEs are shown in Figure 5. Additionally, the obtained 

concentration profiles are depicted in Figures S20 and S21. 

When electrolysis was conducted at a potential of 1.42 V vs. 

RHE, the total FEs were higher than those obtained at 1.52 V 

vs. RHE. At 1.62 V vs. RHE we observed an even further 

decrease in the total FE for the valuable glycerol products 

(except CO2 or carbonate), most probably due to an increased 

formation of O2 at this potential or even CO2 formation as a 

result of the higher driving force. In addition, higher 

potentials favor higher FEs for the formation of oxalate, 

which has also been found by Morales et al.[40] during GOR 

on NiOx nanoparticles. 

Brix et al.[46] reported that on solid state-synthesized Ni 

boride the concentration of the C3-product lactate was 

highest when 2 M KOH and 0.5 M glycerol (KOH:glycerol 

ratio of 4:1) were used as electrolyte. The same KOH:glycerol 

ratios in 1 and 2 M KOH was also explored here to favor the 

formation of C3-products (Figures 5c and d). While the 

currents increase noticeably in 2 M KOH + 0.5 M glycerol in 

comparison to the previously tested 1 M KOH + 0.1 M 

glycerol, using only a higher concentration of the reactant 

glycerol in 1 M KOH did not alter the recorded currents, 

which can be ascribed to the lower ion mobility in a more 

viscous electrolyte.[42, 46] However, the selectivity of the 

GOR did not change significantly using a different electrolyte 

composition and formate is still the main product next to 

small amounts of glycolate and glycerate. 

 

Polyalcohols such as glycerol can be deprotonated in strongly 

alkaline solutions to form alcoholate anions[74, 76] which 

may impact their transport towards the electrode surface. 

Ionomers are usually introduced as electrode additives to 

enable proton or OH- transport and improve the mechanical 

stability of the electrode films. While this is extensively 

explored in other fields, such as CO2 electroreduction to 

modulate the catalyst microenvironment, such strategies are 

not used extensively in AOR.[77, 78] Therefore, in this work 

we explored an anion- and a cation-conducting ionomer 

during GOR on CoNiB-based electrodes (Figure S22). We 

expected that the positive charges from the imidazolium 

constituents in the Sustainion ionomer could attract both 

glycerolate and hydroxide ions and consequently provide 

increased glycerol and OH- transport to the catalyst surface. 

CoNiB:BO 1:0 500°C was used as catalyst and the results are 

shown in Figure 6a – c. Using RDE cyclic voltammetry, we 

observed a significant impact of the additive on the recorded 

current density. For the Nafion-containing electrode, an 

increased current density is recorded, while for the 

Sustainion-containing electrode lower current densities are 

attained compared with the ionomer-free catalyst film. The 

same activity trend was obtained when chronoamperometric 
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Figure 5. Investigation of the influence of applied potential and electrolyte composition on the GOR selectivity. 

Chronoamperometric measurements of CoNiB:BO 1:0 500°C and respective FEs for 4 h in a flow cell at a,b) 1.42 V, 1.52 V 

and 1.62 V vs. RHE in 1 M KOH and 0.1 M glycerol and c,d) at 0.5 V vs. Ag/AgCl (3 M KCl) in different glycerol-containing 

KOH electrolytes. The chronoamperometric measurements are shown in duplicate to confirm reproducibility.

measurements at 1.52 V vs. RHE were performed in the RDE 

setup (Figure 6a inset). Similarly, when the measurements 

were carried out in 1 M KOH, 1 M KOH + 0.1 M ethylene 

glycol, and 1 M KOH + 0.1 M ethanol considering the current 

at 1.5 V vs. RHE, the same order can be observed (Figure 

S23). Li et al.[78] also observed the same order in activity 

during OER using IrO2 in an RDE setup with Nafion as the 

cation-conducting and AS-4 (Tokuyama Corp.) as the anion-

conducting ionomer. The different types of ionomers in the 

catalyst inks may have led to changes in the catalyst film and 

thus to the accessibility of the active sites, so we assessed the 

double-layer capacitance (Cdl) of the different films (Table 

S6). When Sustainion is used as an ionomer the Cdl reaches 

the highest value of 27 µF, while using Nafion gives only 

15 µF. This suggests that the use of Sustainion creates 

catalyst films with a higher ECSA than Nafion on the RDE. 

Therefore, the lower activity of the Sustainion-based catalyst 

film does not result from a potentially lower number of active 

sites but could be the result of a more complex interaction 

between the catalyst, the ionomer, the current collector, and 

the anodic reaction under investigation. As we investigated 

the electrodes prepared by the different catalyst inks in the 

flow cell, the activity order for the GOR is reversed: 

Sustainion > no ionomer > Nafion, although the difference 

between ionomer-free electrode and the one containing 

Nafion is not as pronounced as in the RDE measurements 

(Figure 6b). SEM images (Figure S24) confirm that the 

addition of Sustainion in the catalyst ink leads to the 

formation of a more homogeneous film on the carbon fibers 

with a few micrometer-sized catalyst agglomerates, while 

Nafion inks seem to cause more agglomeration and form less 

homogeneously coated electrodes. This effect could explain 

the lower current densities obtained using Nafion-containing 

inks since active sites on or inside the catalyst agglomerates 

might not be in contact with the electrolyte or in contact with 

the conductive substrate and might thus not take part in the 

reaction. 

Another parameter that may impact the recorded current 

is the wettability of the catalyst film. Contact angle 

measurements (Figure 6c) show that the addition of 

Sustainion and Nafion in the catalyst layer increased the and 

Nafion in the catalyst layer increased the hydrophobicity with 
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Figure 6. Influence of the used ionomer and cell setup on the GOR activity and selectivity. a) First cyclic voltammograms of 

CoNiB:BO 1:0 500°C recorded on RDE in Ar-saturated 1 M KOH + 0.1 M glycerol at a scan rate of 5 mV s–1 and an electrode 

rotation of 1600 rpm with different ionomers (Nafion, Sustainion and no ionomer) used as additives for the catalyst inks. The 

inset shows corresponding chronoamperometric measurements of the catalyst film at 1.52 V vs. RHE at 1600 rpm. b) 

Chronoamperometric measurements conducted in a flow cell at 1.52 V vs. RHE for 4 h using CoNiB:BO 1:0 500°C in 1 M 

KOH + 0.1 M glycerol with d) their corresponding FEs. The chronoamperometric measurements are shown in duplicate to 

confirm reproducibility. c) Contact angle measurements for droplets of 1 M KOH (+ 0.1 M glycerol) on the spray-coated 

electrodes of CoNiB:BO 1:0 500°C in the presence or absence of different ionomers.

similar contact angles around 135° – 140° for both cases. The 

values do not show high variation when using 1 M KOH or 

1 M KOH + 0.1 M glycerol. The results from the contact angle 

measurements do not indicate a correlation of the recorded 

currents with the hydrophobicity of the electrode. Moreover, 

the selectivity during the GOR seems to be purely defined by 

the catalyst and is not influenced by the ionomer, as similar 

FEs were recorded on the electrodes prepared with Nafion, 

Sustainion, or in the absence of any ionomer (Figure 6d and 

Figure S25).  

To further understand the reason behind the different 

observed activity trends, cut-out areas from the carbon paper 

sheets spray-coated with CoNiB:BO 1:0 500°C in the 

presence of different ionomers were glued onto an RDE and 

both chronoamperometric as well as CVs were performed 

(Figure S26). The results show that the activity trend of the 

spray-coated electrodes in the RDE setup resembles the one 

observed during the flow cell measurements (Figure 6b). As a 

result, the different measurement setups yield the same trend 

with the same electrode substrates, indicating their strong 

influence on the activity trend. So, we assume that the 

different surface functionalities presented in the support 

materials may lead to different catalyst film formations on the 

electrode. This is influenced by the different interactions 

between the catalyst/ionomer aggregates from the dispersion 

ink, leading to the observable differences in activity trends, as 

already reported for fuel cells.[79-81]. 
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4. Conclusion 

Four different mixed Co and Ni boride catalyst materials were 

prepared from a boride precursor by annealing at 400 or 

500 °C with or without the addition of benzoxazine (BO) as a 

carbon precursor. The borides were shown to be active 

electrocatalysts for the OER as well as for alternative anode 

reactions such as GOR, EGOR and EOR. Among the four 

catalysts, CoNiB:BO 1:0 500°C was found to be the most 

active electrocatalyst in all the tested reactions. Moreover, it 

was discovered that the addition of BO could enhance the 

electrocatalytic activity of CoNiB pyrolyzed at 400 °C for the 

alcohol oxidation reactions at a potential of 1.50 V vs. RHE. 

Although very different activities in terms of current 

densities and overpotentials were obtained for the catalysts 

using RDE, flow cell measurements revealed high product 

selectivities that were similar for all four catalysts. In the case 

of GOR and EGOR, formate, a valuable C1 compound, was 

the main product generated with FEs in the range of 

60 – 80 %, whereas acetate was primarily formed during EOR 

with FEs of 85 – 90 %. Different activity trends were 

observed in the flow cell measurements compared to the RDE, 

depending on the alcohol used during the experiment. While 

during GOR, the highest currents in the flow cell 

measurements were recorded on CoNiB:BO 1:0 500°C, for 

EGOR and EOR, the BO-containing catalysts allowed for a 

higher current to be recorded.  

Using CoNiB:BO 1:0 500°C as a representative catalyst 

material, possible influences on the selectivity of the GOR, 

such as the working electrode potential, the electrolyte 

composition and the ionomer used as an additive for the 

preparation of the catalyst film, were investigated. It could be 

shown that the electrode potentials and electrolyte 

compositions tested here lead to minor changes in selectivity. 

Surprisingly, it was found out that the type of ionomer can 

strongly influence the electrocatalytic activity without 

influencing the GOR selectivity. In addition, significant 

differences in activity trends were observed between the RDE 

and flow cell measurements for which the preparation of the 

catalyst films with the borides on two different substrates, 

namely glassy carbon and carbon paper, may be responsible. 

These findings suggest that quickly and widely accessible 

RDE measurements alone may not be a conclusive 

determinant of the electrocatalytic activity of the Co and Ni 

borides prepared in this study and that more application-

oriented methods, such as the flow cell measurements will be 

of great benefit in properly evaluating their electrocatalytic 

activity for the AOR. In addition, further engineering of the 

catalyst layers depending on the current collector may be used 

to promote AOR conversion. 
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