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Producing green hydrogen via water electrolysis using renewable energy sources holds promise for a sus- 

tainable future. However, current challenges arise from the energy-intensive oxygen evolution reaction 

(OER) and the potential risks associated with the mixing of H2 and O2. To address these challenges, there 

has been significant emphasis on replacing the OER with more thermodynamically favorable aldehyde 

oxidation for the production of carboxylic acids. In this work, we combined a novel two-dimensional (2D) 

early transition metal carbide (MXene) supported cobalt catalyst (Co/Mo2TiC2-700) for the hydrogen 

evolution reaction (HER) and a NiFe/Ni foam fabricated by an electrodeposition method for the furfural 

oxidation reaction (FOR) to design a paired flow electrolyzer. In H-type half-cell tests, the NiFe/Ni foam 

anode catalyst exhibited a faradaic efficiency (FE) of 47% towards 2-furoic acid (2-FA) and a conversion of 

95% with 50 mM furfural at 65 mA cm−2. This FE rose to 97% at a conversion of 67% when the furfural 

concentration was increased to 150 mM. The optimized Co/Mo2TiC2-700 cathode catalyst exhibited out- 

standing HER performances of 100% FE towards H2, and low overpotentials of 244 mV and 321 mV at 

100 mA cm−2 and 400 mA cm−2, respectively. A two-electrode flow cell with 2 × 2 cm2 electrodes was 

then assembled for simultaneous electrochemical furfural oxidation and hydrogen evolution. Remarkably, 

Co/Mo2TiC2-700 outperformed a commercial Pt/C electrode with the same loading of 0.5 mg-metal per 

cm2 by reducing the cell voltage by 150 mV at a high current density of 300 mA cm−2, while maintaining 

the FE-to-H2 conversion at >90%. The overall FE increased from 120% to 151% at a high current density of 

200 mA cm−2, and the cell voltage dropped to 2.688 V for the electrolyzer with the Co/Mo2TiC2-700 

catalyst, compared to 3.185 V when using Pt/C at the cathode. 

 

1. Introduction 

Hydrogen holds enormous promise as an energy carrier within 

environmentally conscientious, efficient, sustainable, and cost- 

effective energy systems.1 Using renewable sources, such as 

water or biomass, to produce hydrogen, followed by its appli- 

cation in fuel cells to provide power for stationary and trans- 

portation applications, leverages the environmental advan- 

tages inherent in transitioning to a hydrogen-based society.2,3 

Among the various methods for hydrogen generation, water 

electrolysis powered by renewable energy stands as a leading 

and sustainable approach for green hydrogen production.1,4 

However, contemporary water electrolysis systems encounter 
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the significant challenge of the high energy costs associated 

with the thermodynamically and kinetically sluggish oxygen 

evolution reaction (OER) at the anode.5,6 Furthermore, a criti- 

cal issue arises from the gas crossover phenomenon, occurring 

amidst disparate gas pressures, where cathodic hydrogen and 

anodic oxygen can potentially intermix. This could lead to the 

formation of explosive H2/O2 mixtures and raise safety con- 

cerns. Additionally, the generation of reactive oxygen radicals 

may damage the ion-exchange membranes,7,8 which, although 

effective and conventionally used for separating the gas pro- 

ducts, are prohibitively expensive.9 Efforts to develop cost- 

effective and easily manufacturable membrane materials to 

address this issue remain ongoing endeavors.9,10 One strategy 

to mitigate the aforementioned issues is to substitute the OER 

with anodic reactions that offer more favorable thermo- 

dynamics and sustainability, and are economically viable by 

generating valuable products instead of oxygen.11 Despite 

noteworthy advancements in the development of paired elec- 

trolyzers tailored for hydrogen production, the current 

designed electrolyzers still require electrolytic voltages exceed- 
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ing 1.0 V even with noble metal catalysts.12–16 Furthermore, 

due to the limitations on mass transport of reactants in the 

aqueous phase, the achievable current density typically falls 

below 100 mA cm−2,11–15 significantly limiting their applica- 

bility in industrial-scale settings and underscoring the urgency 

of further development in this area. 

The electrochemical oxidation of biorenewable furfural to 

2-furoic acid represents an excellent alternative reaction men- 

tioned above. In an early study conducted by Gopalan et al.17 

in 1984, a comprehensive examination of the kinetics associ- 

ated with furfural oxidation was carried out using ceric 

ammonium sulfate as the oxidizing agent. The findings 

suggested the involvement of a free-radical mechanism govern- 

ing the furfural oxidation reaction. Recent investigations also 

have yielded valuable insights into electrochemical furfural 

oxidation. Verdeguer et al.18 optimized the catalytic oxidation 

of furfural to 2-furoic acid, explored a lead–platinum catalyst 

and identified specific conditions under which the catalytic 

transformation was maximized.19 Furfural electro-oxidation on 

gold catalysts exhibited a notable degree of activity and selecti- 

vity towards the formation of 2-furoic acid; the analysis of the 

reaction intermediates revealed that surface furoate species 

were the predominant entities in the reaction pathway. 

Building upon this research,20 a novel paired electrochemical 

conversion process was developed by a different approach, 

which led to the production of 2(5H)-furanone through anodic 

oxidation while facilitating the generation of furfuryl alcohol 

and/or hydrofuroin through cathodic reduction. 

Electrochemically, in alkaline media, aldehydes are in equili- 

brium with aldehyde hydrate, and the aldehyde hydrate under- 

goes oxidation through one electron transfer, which makes it 

adsorb to the catalyst’s surface, and the hydroxide present in 

the alkaline media undergoes oxidation via one electron trans- 

fer and is adsorbed to the catalyst’s surface. Finally, carboxylic 

acid results from H-atom abstraction from the adsorbed 

species onto the surface.52 In general, non-noble metal cata- 

lysts such as Ni-based catalysts are more desirable, except for 

the drawback that non-noble metal catalysts typically require 

higher anodic potentials, which may exacerbate the oxygen 

evolution side reaction (OER).53–55 Another noteworthy chal- 

lenge encountered in the electro-oxidation process of furfural 

to 2-furoic acid is the Cannizzaro reaction, a homogeneous 

aldehyde disproportionation in high-pH solutions and conco- 

mitantly generating furfuryl alcohol alongside the desired 

2-furoic acid. The Cannizzaro reaction significantly limits the 
maximal selectivity towards 2-furoic acid, restraining it to a 

mere 50%.21 Additionally, indirect electrolysis methods invol- 

ving redox mediators have been studied to mitigate this issue 

effectively addressing the challenge of achieving a harmonized 

anode and cathode current alignment under potentiostatic 

conditions. The cathode exhibits a selectivity of 33.2% for 

2-furoic acid, whereas the anode demonstrates a remarkable 

selectivity of 99.3%. This electrolytic process achieves a 

notable energy saving of approximately 12.3%. Furthermore, 

the stability of both the cathode and anode is maintained even 

after prolonged electrolysis within a flow cell configuration.21 

This underscores the robustness of such an electrochemical 

approach and also highlights the potential for further improve- 

ments. For the hydrogen evolution reaction (HER) at the 

cathode, the current challenges and focus are the electroche- 

mically driven reaction exhibiting thermal efficiency levels 

below the thermodynamic limits for water splitting, notably 

falling short of the 1.23 V threshold.22,23 The considerable 

overpotential of the HER in alkaline electrolytes as compared 

to that in acidic electrolytes is one of the prominent causes of 

low energy efficiency of alkaline water electrolyzers.24 Various 

electrocatalysts have been investigated to decrease the alkaline 

HER overpotential and accelerate the reaction to achieve 

current densities relevant at the industrial level, with the 

primary focus being on noble metal-based catalysts such as Pt, 

Pd, Ru, and Ir-based catalysts owing to their exceptional intrin- 

sic catalytic activity.25–28 However, the scarcity and limited 

availability of these noble metals present a substantial obstacle 

to their large-scale deployment.23 Additionally, a relatively 

short lifespan is also a limitation that carries implications for 

both system efficiency and longevity. Therefore, there is an 

urgent need to explore electrocatalysts that are not only low- 

cost and highly stable, but also capable of overcoming the slow 

kinetics of the HER process in alkaline electrolyzers.29 

2D nanomaterials with increased surface areas and number 

of active sites, such as transition metal sulfides, dichalcogen- 

ides, and graphitic carbon nitrides, have demonstrated 

enhanced performance including catalytic activity and stability 

as HER catalysts.30,31–33 Over the past decades, 2D transition 

metal carbides (MXenes) have displayed potential as effective 

electrocatalysts both in experimental and computational 

studies.34–36 Pristine MXenes have been applied in electro- 

catalytic hydrogen production owing to their inherent excellent 

electronic conductivity, abundant hydrophilic surfaces, and 

highly redox-active transition metal composites.37–39 Beyond 

their use as standalone catalysts, MXenes also function as sub- 

strates for active materials. When combined with metals, 

metal sulfides, and such compounds, the metal–substrate 

interactions (MSI) lead to orbital hybridization and enhanced 

charge transfer at the interface, consequently altering the 

adsorption behaviors of reactants and lowering the energy bar- 

riers of the reaction steps.40 MXenes serving as substrates also 

provide physical support for the supported materials, enabling 

the specific distribution of loaded metals to remain stable 

under electrochemical reduction conditions, which is ben- 

eficial for long-term operation and continuous performance. 

These processes enhance the activity beyond the active 

materials’ intrinsic capabilities, showing promise in designing 

effective non-noble metal catalysts for the HER. 

In this work, we report complete noble metal-free catalysts 

for furfural oxidation and hydrogen evolution at the anode 

and cathode to develop a paired flow electrolyzer. This rep- 

resents a strategic approach to reduce the production costs 

associated with hydrogen and 2-furoic acid. This study entailed 

the integration of the furfural oxidation reaction with the 

hydrogen evolution reaction within an electrochemical frame- 

work. The synergistic benefits of such designs resulted in the 
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successful demonstration of a functional paired electrolyzer 

capable of achieving an industrially relevant current density of 

200 mA cm−2 at a faradaic efficiency of 46% to 2-furoic acid at 

furfural conversions of 68% and 100% to hydrogen with a cell 

voltage of 2.688 V. 

 
 

2. Experimental 
2.1 Chemicals and materials 

Nickel foam (1.6 mm thick, MTI Corporation), nickel(II) nitrate 

hexahydrate (97%, Sigma-Aldrich), ferric nitrate nonahydrate 

(98.7%, Fisher-Scientific), hydrochloric acid (Fisher-Scientific), 

furfural (99%, Sigma-Aldrich), furfuryl alcohol (98%, Sigma- 

Aldrich), 2-furoic acid (98%, Sigma-Aldrich), potassium hydroxide 

(85%, Sigma-Aldrich), sulfuric acid (Fisher-Scientific), platinum 

foil (0.025 mm thick, 99.9%), molybdenum (1–5 µm, 99.9%, 

Sigma Aldrich), aluminum (17–30 μm, 99%, Alfa Aesar), titanium 

(325 mesh, 99%, Alfa Aesar), graphite (7–11 µm, 99%, Alfa 

Aesar), hydrofluoric acid (48%, Sigma Aldrich), cobalt(II) chloride 

(98%, Sigma Aldrich), Nafion solution (LQ-1105 1100EW, 5 wt%, 

Ion Power), Nafion membrane (115, 125 μm, Ion Power), carbon 

paper (Freudenberg H23, Fuel Cell Store), and Pt/C (40% plati- 

num on Vulcan XC-72R, 2–3 nm, Fuel Cell Store). 

2.2 Preparation of the anodic electrode 

The nickel-iron on nickel foam (NiFe/NF) was prepared in the 

same way mentioned in our previous work.41 A piece of nickel 

foam was immersed in 5 M hydrochloric acid (HCl) solution. 

Following immersion, it underwent 20 minutes of sonication 

to effect the removal of any surface nickel oxide layers. 

Subsequently, the Ni foam was subjected to thorough rinsing 

sequences involving water and ethanol, and was allowed to air- 

dry. After these preparatory steps, the Ni foam piece was desig- 

nated for deployment as the working electrode within a con- 

ventional three-electrode electrochemical cell. This electro- 

chemical cell comprised a platinum foil serving as the counter 

electrode and a silver/silver chloride (Ag/AgCl) electrode func- 

tioning as the reference electrode. The electrolyte bath, 

employed for electrochemical processes, comprised a solution 

containing 3 mM nickel(II) nitrate hexahydrate and 3 mM iron 

(III) nitrate nonahydrate. For the purpose of electrodepositing a 

NiFe layer onto the surface of the Ni foam, a constant potential 

of −1.0 V with respect to the Ag/AgCl reference electrode was 

applied for a duration of 25 minutes. Concluding the electro- 

chemical deposition, the prepared nickel foam, now adorned 

with the NiFe deposit, underwent a final washing procedure 

with water, followed by air-drying to obtain the desired state. 

 

2.3 Preparation of the cathodic electrode 

The cathodic electrode was constructed by spraying the Co/ 

Mo2TiC2 catalyst on hydrophilic carbon paper. The bulk 

Mo2TiAlC2 MAX precursor was first prepared by spark plasma 

sintering (SPS) of metal powders. Commercial powders of mol- 

ybdenum (Mo), aluminum (Al), titanium (Ti), and graphite 

were mixed in a molar ratio of Mo/Ti/Al/C = 2 : 1.1 : 1 : 1.9 in a 

graphite die coated with boron nitride (BN). The sample was 

then loaded in a Fuji-211lx spark plasma sintering (SPS) 

system and sintered at 1450 °C under 30 MPa for 1 h. The sin- 

tered bulk Mo2TiAlC2 was pulverized in a synthetic sapphire 

mortar and screened through a 400-mesh sieve to obtain a fine 

Mo2TiAlC2 powder. Mo2TiC2 MXene was prepared by etching 

Mo2TiAlC2 powder with hydrofluoric acid (HF) at 55 °C for 

72 h. The mixture was then washed and centrifuged with de- 

ionized water (DI) until pH reached 6 to 7. Mo2TiC2 MXene 

was collected by centrifugation at 9000 rpm and dried in 

vacuum. Co was loaded on Mo2TiC2 MXene by an incipient 

wetness impregnation method. Cobalt(II) chloride (CoCl2) was 

dissolved in DI water to form a solution of 0.125 g Co mL−1.A  

volume of 100 µL from this CoCl2 solution was mixed with 

250 mg of Mo2TiC2 MXene powder in a polyethylene weighing 

boat under constant stirring. The mixture was subsequently 

dried in vacuum at ambient temperature, then transferred into 

a tube furnace and reduced under a 5% H2/N2 flow at different 

temperatures (500 °C, 600 °C, 700 °C). The resulting materials 

were designated as Co/Mo2TiC2-500, 600, and 700 catalysts, 

respectively. The cathodes were prepared by spray coating. The 

spray ink was prepared by mixing 200 mg of catalysts with 

20 wt% Nafion solution and 20 mL of isopropanol with 5 min 

sonication. The prepared catalyst ink was sprayed on a 2 × 

2 cm2 area on H23 carbon paper with a 0.1 mg cm−2 Vulcan 

carbon nanoparticle layer to increase the contact. The electro- 

des were heated at 70 °C during the spray to vaporize the iso- 

propanol and were left on the heating plate for 10 min after 

the spray for complete drying. For comparative experiments, 

commercial 40% Pt/C was sprayed using the same method. 

2.4 Characterization and analytical methods 

Field-emission scanning electron microscopy (SEM, FEI 

Quanta 250) with energy dispersive X-ray spectroscopy (EDS) 

was used to explore the morphology and composition change 

of nickel–iron on nickel foam and Co/Mo2TiC2 catalysts. The 

X-ray diffraction spectrometer (XRD, Siemens D500) with a Cu 

Kα radiation source (λ = 1.5406 Å) was used to characterize the 

crystalline structures of Mo2TiC2 MXene. A scanning/trans- 

mission electron microscope (STEM, 200 kV JEOL 2100) with 

<1.4 Å resolution was used to investigate the nanostructure of 

the Co/Mo2TiC2 catalyst. High-angle annular dark-field scan- 

ning transmission electron microscopy (HAADF-STEM) and 

energy-dispersive X-ray spectroscopy (EDS) mapping were per- 

formed using a Thermo Fisher Scientific Talos F200X S/TEM 

operated at 200 kV and equipped with a super-X EDS system. 

The H2 quantification was carried out using an SRI gas chro- 

matograph (GC, multiple gas analyzer #5) with TCD and FID 

detectors. The quantification of furfural, 2-furoic acid, and fur- 

furyl alcohol was accomplished using high-performance liquid 

chromatography (HPLC) with an Agilent Technologies 1260 

Infinity II LC system, which was equipped with a variable wave- 

length detector (VWD) also from Agilent Technologies. 

Wavelengths of 210 nm and 260 nm were employed for the 

quantification of furfural and furfuryl alcohol, and furfural 

and 2-furoic acid, respectively. It should be noted that furoate 

https://doi.org/10.1039/d4gc04447a
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was produced from the FOR in an alkaline electrolyte (see the 

FOR equation in S-4 in the ESI†), but it is 2-furoic acid that 

was quantified by HPLC. 

 

2.5 Electrochemical characterization 

All electrochemical tests were performed using a Biologic 

SP-300 potentiostat with a ±2 A/±30 V booster. Electrochemical 

half-cell measurements were conducted in a three-electrode 

H-cell system, with Ag/AgCl as the reference electrode for the 

FOR and Hg/HgO as the reference electrode for the HER. A 

potentio-electrochemical impedance spectroscopy (PEIS) scan 

from 200 kHz to 100 mHz was first executed to ascertain the 

resistance existing between the working and the reference elec- 

trode. The point at which the recorded resistance intersects 

with the x-axis on the impedance versus resistance plot corre- 

sponded to the measured resistance value. For furfural oxi- 

dation reaction, linear sweep voltammetry (LSV) analysis was 

conducted to evaluate the performance of both electrodepos- 

ited Ni foam and non-deposited nickel foam in a solution con- 

taining furfural, as well as a solution without furfural. The LSV 

test was carried out at a scan rate of 1 mV s−1, spanning the 

potential range from 0 V vs. RHE to 1.8 V vs. RHE. 

Subsequently, electrochemical testing, specifically chronopo- 

tentiometry tests, was performed under varying constant 

current conditions ranging from 10 mA cm−2 to 80 mA cm−2. 

Furthermore, different concentrations of furfural were exam- 

ined in 1 M potassium hydroxide (KOH) solution, starting 

from a concentration of 50 mM and incrementally increasing 

to 200 mM, all the while maintaining a constant current 

density of 65 mA cm−2. For the HER, LSV, electrochemical 

impedance spectroscopy (EIS), cyclic voltammetry (CV), and 

stepwise chronopotentiometry (CP) tests were conducted to 

evaluate the performance of the series of Co/Mo2TiC2 catalysts. 

The potentials were converted to a reversible hydrogen elec- 

trode (RHE), and all the tests except CP were automatically 

85% IR corrected by the potentiostat. 

For electrochemical measurements in the flow cell, a 2 × 

2 cm2 two-electrode flow cell was used, serving as both a 

current collector and a conduit for fluid flow. The flow cell was 

equipped with silicon gaskets to avert leakage or inundation. 

The inter-electrode separation was maintained using a cation 

exchange membrane (Nafion 115). Linear sweep voltammetry 

(LSV) assessments were performed employing two distinct 

cathodes: platinum on carbon (Pt/C) and Co/Mo2TiC2-700 cata- 

lysts. A range of constant current densities, commencing at 

30 mA cm−2 and extending up to 400 mA cm−2, was applied to 

ascertain and the performance of the hydrogen evolution reac- 

tion was compared, when coupled with NiFe/NF for the fur- 

fural oxidation reaction. 

 
 

3. Results and discussion 
3.1 Catalyst morphology and microstructure 

Characterization results of Mo2TiC2 and Co/Mo2TiC2 catalysts 

are shown in Fig. 1. X-ray diffraction (XRD) analysis was first 

applied to confirm the crystal structure of Mo2TiC2. Compared 

with the Mo2TiAlC2 precursor, the (002), (004), and (006) diffr- 

action peaks moved to lower angles (at 2θ = 7.0°, 13.9°, and 

20.9°, respectively) after the HF etching, indicating a larger c 

lattice parameter of Mo2TiC2 due to the removal of Al layers 

and the expansion along the [001] direction. The characterized 

peaks aligned well with previously reported Mo2TiC2 struc- 

ture.42 After loading Co, the intensity of MXene peaks signifi- 

cantly decreased, likely due to an overall structural change, 

while no distinct Co peaks were observed, indicating a 

uniform distribution rather than large crystalline particles. 

The scanning electron microscopy (SEM) image of Mo2TiC2 

revealed an accordion-like morphology of typical MXene 

materials. The two-dimensional structure of the catalyst featur- 

ing orderly arranged metal and carbon layers was clearly dis- 

played under observation using a transmission electron micro- 

scope (TEM). A stack of several Mo2TiC2 nanosheets is shown 

in Fig. 1c, each comprising multiple atomic layers. The atomic 

layers are distinctly delineated due to the contrast difference of 

Mo, C, and Ti elements. The inset in Fig. 1d shows the selected 

area electron diffraction (SAED) pattern on the basal plane of 

Mo2TiC2 in the image, confirming the hexagonal symmetry 

structure of the Mo2TiC2 crystalline lattice. Co was loaded on 

the synthesized Mo2TiC2 by incipient wetness impregnation. 

Fig. S4† displays the EDS mappings of the Co/Mo2TiC2 catalyst, 

illustrating the uniform distribution of Mo and Ti with no 

phase segregation. Co signals were distributed throughout the 

surveyed area, indicating a highly dispersed distribution with 

no formation of large clusters or metal particles. The atomic 

ratio of Mo : Ti is close to 2 : 1, consistent with the Mo2TiC2 

composition. Fig. 1e shows the lateral structure of the Co/ 

Mo2TiC2-700 catalyst, with no discernible structures of Co 

existing separately observed at the nanoscale. Fig. 1f shows the 

ultra-thin edge region, where benefiting from high transpar- 

ency and reduced background scattering at the thin layer, 

some distinct lattice fringes orientating differently from the 

planar MXene material were observed. The spacing of the 

lattice fringes is at 2.40–2.42 Å, corresponding to the (111) 

plane of CoO, suggesting the existence of oxidized Co patches 

on the Mo2TiC2 external surfaces. Atomic resolution high- 

angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) and EDS were employed to further 

investigate the structure after Co loading. Fig. 1g shows a 

uniform structure of Co intercalation between the Mo2TiC2 

MXene layers on the Co/Mo2TiC2-700 sample, with a clear 

regular repeating pattern of one single atom layer of Co 

between each two MXene pieces observed across the sample. 

Furthermore, HAADF-STEM images of Co/Mo2TiC2-500 and 

Co/Mo2TiC2-600 in Fig. S5† show that at 500 °C, no noticeable 

Co intercalation was observed and the MXene exists as separ- 

ated layers with a certain distance, whereas at 600 °C Co can 

be seen partially entering the inter-layers at the edges of the 

sample, forming one or several atom layers of intercalations, 

while Mo2TiC2 flakes farther from the surface appear to 

remain unaffected. This intriguing observation suggested an 

annealing temperature-induced enhancement of uniform 

https://doi.org/10.1039/d4gc04447a
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Fig. 1  Mo2TiC2 MXene and Co/Mo2TiC2 cathodic catalyst. (a) XRD patterns of Mo2TiAlC2, Mo2TiC2, and Co/Mo2TiC2-700; (b) SEM image of syn-  

thesized Mo2TiC2 MXene, (c) TEM image of Mo2TiC2, (d) TEM images with the SAED pattern of Mo2TiC2 MXene, (e and f) TEM images of Co/Mo2TiC2 

catalysts, (g) HAADF-STEM image of Co/Mo2TiC2-700 with EDS mapping for Mo, Ti, Co, Al, and C. 
 

 

 
metal distribution. Such phenomena have also been observed 

in past research,43,44 typically resulting in distribution induced 

metal–support interaction differences and leading to modu- 

lated performance. Therefore, testing and selecting optimal 

catalysts among the Co/Mo2TiC2 catalysts with the structural 

alterations is a worthwhile pursuit potentially enabling per- 

formance tuning. 

The morphology and composition characteristics of the syn- 

thesized nickel–iron on nickel foam (NiFe/NF) anode, were 

investigated by XRD, SEM, and TEM, as shown in Fig. 2 and 

Fig. S8.† Comparison of the electrodes before and after the 

electrochemical deposition processes, as illustrated in 

Fig. S1,† displayed the formation of a dense uniform depo- 

sition layer widely covering the Ni foam surface. Fig. 2a pre- 

sents NiFe deposition on foam over a large area. A further 

magnified SEM image of a small section on the framework of 

 
the nickel foam (Fig. 2b) reveals that the deposition layer exhi- 

bits a flat morphology. Some protruding particles were 

observed at the edges and nodal junctions of the Ni foam net- 

works, presumably originating from the localized faster depo- 

sition rates at the uneven geometric structure of the nickel 

foam. Energy dispersive X-ray spectroscopy (EDS) analysis con- 

firms the homogeneous coexistence of Fe and Ni within both 

the uniform deposition layer and separated particle regions 

(Fig. 2d and S3†). The cross-sectional area image (Fig. 2d) 

shows that the overall thickness of NiFe deposit is approxi- 

mately 1 µm. The TEM images of the catalyst scraped from the 

electrode revealed the microstructure of the NiFe composite. 

Mostly the NiFe composite appeared as ultra-thin amorphous 

nanosheets, as depicted in Fig. 2e and the magnified area in 

Fig. 2f, corresponding to the uniform layered deposition in the 

SEM images. Spherical composites of approximately 500 nm 

https://doi.org/10.1039/d4gc04447a
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Fig. 2 NiFe/NF anodic electrode. (a–c) SEM images of the NiFe/NF electrode; (d) SEM image of the cross-sectional area of NiFe/NF; (e and f) TEM 

images of NiFe nanosheets scratched off from the NiFe/NF electrode. 
 

 

size, corresponding to the protrusions described in Fig. 2c and 

S3b,† were also observed amidst these nanosheets, as shown 

in Fig. S2.† Further magnification revealed that these spheres 

are around 5 nm sized crystallized nanoparticles distributed 

within amorphous NiFe clusters (Fig. S2b†). The measured 

lattice fringe spacing was 2.21–2.23 Å and 1.91 Å, which 

deviated from that of pure nickel and iron but was close to 

that of the (111) and (200) planes of Ni3Fe alloy, suggesting 

them to be alloy nanoparticles. XRD of the NiFe/NF foam 

showed diffraction peaks of nickel, which further confirmed 

that the NiFe nanosheet has amorphous structure (Fig. S8†). 

The characterization collectively substantiated the co-for- 

mation of Ni and Fe and the uniform distribution of both 

elements within the composite structure. 

3.2 HER electrolysis in the H-type cell 

The evaluation of alkaline HER performance and selection of 

the best Co/Mo2TiC2 catalyst was conducted in the H-type half 

cell. Linear sweep voltammetry (LSV) was first conducted for 

the assessment of the catalytic activity of Co/Mo2TiC2-500, 600, 

and 700. As shown in Fig. 3a, Co/Mo2TiC2-700 gave the highest 

current density among the three catalysts, and exhibited a low 

overpotential of 244 mV @ 100 mA cm−2. At further increased 

current density, Co/Mo2TiC2-700 also showed excellent low 

overpotential of 321 mV @ 400 mA cm−2, and outperformed 

Pt/C (366 mV @ 400 mA cm−2) for 45 mV, highlighting its high 

current density advantage and potential applicability in the 

MEA-based flow cell electrolyzer as an efficient cathode. 

The Tafel curves of Co/Mo2TiC2-500, 600, and 700 are 

shown in Fig. 3b. The Tafel slopes are 108, 92, and 62 mV 

dec−1, respectively, revealing that Co/Mo2TiC2-700 exhibited 

the most rapid current increase with the potential, indicating 

the fastest reaction kinetics on this catalyst. To compare the 

charge transfer efficiency, the electrochemical impedance 

spectra (EIS) were also obtained, as shown in Fig. 3c. The solu- 

tion resistance (Rs) values were approximately the same for the 

three catalysts, suggesting a similar electrolyte solution 

environment. The charge transfer resistance (Rct) of the cata- 

lysts shown in the Nyquist plots displayed Co/Mo2TiC2-500 had 

the largest semi-circle, while Co/Mo2TiC2-700 had the smallest 

Rct value, corresponding to faster charge transfer property due 

to the optimized metal support structure. 

The electrochemically active surface area (ECSA) was also 

investigated by measuring the double layer capacitance (Cdl) 

(Fig. 3d and S6†). Cyclic voltammograms (CV) were applied at 

scan rates of 10, 20, 40, 60, 80, and 100 mV s−1 in the non-fara- 

daic region (0.10–0.20 V vs. RHE). The Cdl values were calcu- 

lated by plotting the charging current density differences 

against the scan rates. The ECSA can be obtained by dividing 

Cdl by the specific capacitance (Cs), which can be assumed as 

40 μF cm−2. Fig. S6† and Fig. 3d show that the Cdl values of 

Co/Mo2TiC2-500, 600, and 700 are 7.39, 8.97, and 38.72 mF 

cm−2, respectively. The highest Cdl value of Co/Mo2TiC2-700 

suggests the largest electrochemical active surface area among 

the three catalysts, demonstrating its advantage as an efficient 

hydrogen evolution catalyst. 
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Fig. 3 Electrochemical HER performance. (a) Linear sweep voltammetry (LSV) curves, (b) Tafel plots, (c) Nyquist plots, and (d) double-layer capaci- 

tance of Co/Mo2TiC2 annealed at 500, 600, and 700 °C in 1 M KOH. 
 

 

Stability is also a pivotal factor for sustained and reliable 

operation in industrial-scale flow cells; therefore, the Co/ 

Mo2TiC2-700 catalyst demonstrating the most superior HER 

catalytic performance was subjected to a stepwise chronopo- 

tentiometry (CP) stability test for 36 hours. As shown in Fig. 4, 

in the overall 36 h test, current densities of negative 10, 50, 

100, 200, and 400 mA cm−2 were sequentially applied for 4 h 

periods. The potential remained stable at each current density 

and quickly returned to the corresponding potential value at 

every current decreasing step, indicating no degradation fol- 

lowing these tests. The sustained performance under extended 

testing conditions underscored the robustness and durability 

of the catalyst, marking it as a viable candidate for long-term 

applications. 

 

 
 

Fig. 4 Stability test. Stepwise chronopotentiometry profiles of Co/ 

Mo2TiC2-700 in 1 M KOH without IR correction. 

3.3 FOR electrolysis in the H-type cell 

Previous works were heavily focused on noble metal catalysts 

for heterogeneous catalytic oxidation (Pt, Au, and Pd) that 

require aerobic conditions,45–48 or electrocatalytic oxidation.49 

The NiFe-based catalysts have been identified and documented 

as effective catalysts for the oxygen evolution reaction 

(OER).50,51 Given its high intrinsic suitability, low costs of 

NiFe, and favorable thermodynamics for aldehyde oxidation, 

non-noble bimetal NiFe could be a possible catalyst for fur- 

fural oxidation. However, the faradaic efficiencies towards 

2-furoic acid (furfural oxidation product) and oxygen (OER 

product) at high overpotentials have been rarely studied. 

Furthermore, the effects of the homogeneous Cannizzaro reac- 

tion of furfural at anodic potential, and its effect on the FOR 

need to be better understood. Aiming to acquire deeper under- 

standing of the FOR over NiFe catalysts, an LSV experiment 

was conducted, comparing its catalytic activity with that of 

pure nickel foam (NF) under two distinct conditions: with/ 

without the presence of furfural, as depicted in Fig. 5c. The 

fundamental challenge in the present study is illustrated, as 

the oxygen evolution reaction (OER) represents a potential 

competing reaction with the furfural oxidation reaction (FOR). 

This challenge is notably heightened by the fact that the 

thermodynamic potential of the OER is measured at 1.229 V 

vs. RHE. The LSV results distinctly demonstrated that the FOR 

process occurred at potentials exceeding the thermodynamic 

potential of the OER, with an apparent on-site potential regis- 
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Fig. 5 FOR electrolysis in H-cell. (a) Faradaic efficiency of 2-furoic acid, and concentrations of 2-furoic acid, furfuryl alcohol, and unreacted furfural 

after 1-hour electrolysis of furfural at different current densities. (b) Faradaic efficiency of 2-furoic acid, and concentrations of 2-furoic acid, furfuryl 

alcohol, and unreacted furfural after 1-hour electrolysis of furfural at different starting concentrations of furfural. (c) Linear sweep voltammetry of NF 

and NiFe/NF when furfural is present and absent. (d) Potential profile of 65 mA cm−2 for different furfural initial concentrations. (e) Potential profiles 
of different currents at 50 mM furfural in 1 M KOH. 

 

 
 

tering at approximately 1.38 V vs. RHE. This test also gives an 

insight into how the concentration of furfural can affect the 

onset potential of the FOR. For instance, the onset potential at 

the furfural concentration of 50 mM was 1.41 V vs. RHE, while 

the FOR onset potential at the furfural concentration of 

200 mM slightly dropped to 1.39 V vs. RHE. 

To further test the catalyst selectivity and conversion from 

furfural to 2-furoic acid, different constant currents were 

applied on the NiFe/NF anode, as shown in Fig. 5a. The 

various current densities employed in this study exhibited a 

discernible reduction in faradaic efficiency as their magni- 

tudes were elevated. Nonetheless, a noteworthy observation 

was the concomitant increase in the conversion of furfural, 

reaching an approximate near-quantitative conversion rate of 

 
100%. This observation highlights the remarkable selectivity 

towards the targeted product of 2-furoic acid on NiFe catalysts. 

Fig. 5e shows that the FOR performance was stable throughout 

the one-hour electrolysis even at a higher current density when 

about 90% of the furfural was converted, and the FE dropped. 

Upon near-complete consumption of furfural, a conspicuous 

phenomenon emerged in the form of gas bubbles in the solu- 

tion, becoming increasingly evident with time. This obser- 

vation served as a clear indicator of the transition from the 

FOR to the side reaction: the oxygen evolution reaction (OER) 

within the electrochemical process. It is reasonable to infer 

that the dwindling availability of furfural as a reactant contrib- 

utes to the ascendance of the OER, thereby elucidating the 

concomitant decline in the overall faradaic efficiency (FE). For 
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instance, at a current density of 80 mA cm−2, the recorded FE 

stood at 40%, signifying that 40% of the generated charge was 

directly used for the FOR, while the remaining 60% was for 

the OER. It should be noted that this FE reduction should not 

be misconstrued as a decline in the catalyst’s efficacy towards 

the FOR. Instead, it primarily reflects the near exhaustion of 

the furfural reactant. Furthermore, to acquire deep insight into 

this phenomenon, a series of experiments were conducted 

employing varying concentrations of furfural at a fixed current 

density of 65 mA cm−2, aiming to assess the feasibility of sus- 

taining high-efficiency levels over a prolonged 1-hour duration, 

as delineated in Fig. 5b. The conducted test has illuminated 

that FE of 80% or higher can be sustained within the system 

when ample supply of reactant is available. However, it is 

crucial to consider that excessively high aldehyde concen- 

tration triggers the risk of occurrence of the Cannizzaro reac- 

tion, which is the disproportionate transformation of two 

molecules of a non-enolizable aldehyde (furfural) into one 

primary alcohol (furfuryl alcohol) molecule and one carboxylic 

acid (2-formic acid) molecule. This reaction is regarded as 

undesired in the context of the present electro-oxidation 

process. To mitigate the undesired side reactions and mini- 

mize the formation of byproducts, the faradaic reaction 

pathway converting furfural directly into 2-furoic acid is more 

desirable. Nevertheless, it was observed that, at higher furfural 

concentrations of 150 mM and 200 mM, the side product fur- 

furyl alcohol was still generated to some extent. Moreover, the 

potential profile depicted in Fig. 5d reveals a reduction in 

potential corresponding to an increase in furfural concen- 

tration. Enhanced performance was observed at 100 mM fur- 

fural, representing an improvement over the 50 mM concen- 

tration. However, concentrations of 150 mM and 200 mM fur- 

fural did not yield a significant enhancement in performance. 

Notably, these higher concentrations concomitantly promoted 

the Cannizzaro reaction during the electrolysis, resulting in 

the production of furfuryl alcohol. Subsequently, it was deter- 

mined that the optimal concentration for the electrochemical 

FOR in the flow cell is 100 mM of furfural in 1 M potassium 

hydroxide (KOH) electrolyte. This concentration reaches a 

balance between minimizing the production of furfuryl 

alcohol and concurrently upholding high FE. It is worth 

noting that these experiments were conducted within our 

H-type cell, a setup with a limited reactant capacity of up to 

15 mL, and all faradaic efficiency shown in Fig. 5 accounted 

only for 2-furoic acid produced electrochemically (via faradaic 

process). 

3.4 FOR–HER paired electrolysis in the MEA flow cell 

An MEA-based flow cell was used for experimental investi- 

gation of FOR–HER paired electrolysis, as depicted in Fig. 6. 

Its basic feature was the insertion of a cation exchange mem- 

brane (CEM) in a zero-gap setting situated between the 

cathode and the anode. In this configuration, the inter-elec- 

trode resistance can be substantially reduced. The resistance 

within this configuration averaged around 0.925 Ω. Internal re- 

sistance was automatically compensated at 85% for LSV to 

 

 
 

Fig. 6 MEA-based flow cell. Diagram of the two-electrode MEA-based 

flow cell for the FOR paired with HER tests. 
 

 

 

reduce the overall cell voltage, particularly when the anodic 

reaction exhibited increased on-site potential owing to the use 

of non-noble NiFe catalyst, as evidenced in Fig. 5c. Within this 

electrochemical environment, furfural underwent electro- 

catalytic transformation facilitated by the NiFe catalyst with a 

nickel foam as the substrate at the anode, while water 

reduction was driven by either the Pt/C or Co/Mo2TiC2-700 cat- 

alysts with a carbon paper as the cathodic substrate. The 

primary objective was to experimentally validate the feasibility 

of paired electrolysis with complete noble-metal-free catalysts, 

and the performance of the two cathodic catalysts (Pt/C and 

Co/Mo2TiC2-700) when employed with the same anodic cata- 

lyst was compared. 

A 12-hour electrolysis test at 50 mA cm−2 with a Pt/C elec- 

trode was conducted to assess the endurance of NiFe/NF over 

long time operation. The electrolyzer was supplied with freshly 

prepared 100 mM furfural in 1 M KOH at the 6th hour of the 

test. Throughout the test duration, a consistent trend emerged 

wherein the FE progressively decreased with the conversion 

increasing, as shown in Fig. 7. Notably, the anode consistently 

maintained a reasonable FE to 2-furoic acid, with any observed 

drop attributed to an insufficient quantity of reactant in the 

electrolyte, as evidenced by the concurrent increase in conver- 

sion over time. Additionally, the test demonstrated a stable cell 

voltage throughout most of the testing period, with a sudden 

drop occurring during a reaction pause for electrolyte replace- 

ment, as previously mentioned. Before the electrolysis for 

paired HER and FOR, the LSV of cobalt-based and platinum- 

based cathode catalysts for the HER and NiFe/NF for the FOR 

was first conducted in the flow cell. The LSV results, as shown 

in Fig. 8a, clearly demonstrated a noteworthy decrease in the 

cell voltage when Co/Mo2TiC2-700 was used at high current 

density operation, for example, decreasing from an initial 4.5 

V to close to 2.6 V at a current density of 400 mA cm−2, in con- 

trast to the usage of Pt/C as the cathodic catalyst, while the 

metal loading in each of the cathodic catalysts was kept the 

same (0.5 mg cm−2 for each: Pt or Co). 

Bulk electrolysis experiments were finally conducted using 

the FOR–HER paired electrolyzer by applying constant current 

densities ranging from 30 mA cm−2 to 200 mA cm−2, each 

maintained for three hours. Flow cell performances of distinct 

cathodes were systematically investigated. As illustrated  in 
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Fig. 7 A durability test for 12 hour electrolysis of furfural oxidation to 2-furoic acid on NiFe/NF paired with the hydrogen evolution reaction on Pt/ 

C. Faradaic efficiency and conversion are referred to the FOR. 
 

 

Fig. 8 Electrolyzer performance when comparing the cobalt-based catalyst with the platinum-based catalyst at the cathode for the HER when 

paired with NiFe/NF for the FOR. (a) Linear sweep voltammetry of cobalt-based catalyst and platinum-based catalyst at the cathode for the HER 

when paired with NiFe/NF for the FOR. (b) The flow cell performance (cell voltage and faradaic efficiency) over 3 hours of electrolysis to compare 

the cobalt-based and platinum-based catalysts. 
 

 

Fig. 8b, it was consistently observed that when employing Co/ 

Mo2TiC2-700 as the cathode material, the cell voltage exhibited 

lower values in comparison with Pt/C. Furthermore, a note- 

worthy correlation was established between lower cell voltages 

and an increased likelihood of the anodic electrode displaying 

selectivity towards the formation of furoic acid (FOR) rather 

than participating in the OER, a phenomenon notably evident 

at current densities of 100 mA cm−2 and 200 mA cm−2. As pre- 

viously analyzed, the faradaic efficiency considers only the 

2-furoic acid produced electrochemically. Furthermore, a com- 

prehensive examination of furfural consumption, 2-furoic  acid 

production, and side product furfuryl alcohol generation was 

conducted over the course of the three-hour electrolysis. These 

assessments were conducted with a focus on the cathodic elec- 

trodes utilized in the electrochemical process. Intriguingly, the 

electrosynthesis of 2-furoic acid exhibited equivalence when 

employing Co/Mo2TiC2-700, and in certain instances even 

exceeded that observed when Pt/C was used as the cathode 

(Fig. 9a and b). Notably, at 200 mA cm−2 approximately 46% 

faradaic efficiency of furfural was obtained when Co/Mo2TiC2- 

700 served as the cathode, while on Pt/C an FE of only 21% 

was achieved under identical conditions. The decreased FE 

was attributed to the elevated voltages within the electrolyzer 

generated when employing Pt/C, potentially impacting anode 

performance and promoting a shift toward the OER. 

Consequently, the occurrence of the Cannizzaro reaction 

increased, resulting in greater furfural consumption, leading 

to the production of both 2-furoic acid and furfuryl alcohol. 

Co/Mo2TiC2-700 at the cathode exhibited notable perform- 

ance comparable to the state-of-the-art Pt/C for the HER, as 

depicted in Fig. 9c. Both catalysts gave over 90% H2 faradaic 

efficiency across all current ranges. Particularly, in the range of 

100 to 400 mA cm−2, the Co/Mo2TiC2-700 exhibited higher 

than 98% H2 efficiency, and the quantity of produced H2 and 

faradaic efficiency surpassed that of Pt/C. At 400 mA cm−2, Co/ 

Mo2TiC2-700 had a higher cell voltage than Pt/C, and this dis- 

parity in catalyst performance can be mitigated by the cost 

differential between the cobalt-based catalyst and platinum. 
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Fig. 9 Alkaline electrolyzer performance for the cathode and anode. (a) Anode performance when the cathode contains a platinum-based catalyst. 

(b) Anode performance when the cathode contains a cobalt-based catalyst. (c) Hydrogen production and faradaic efficiency when comparing a 

cobalt-based catalyst with a platinum-based catalyst. 
 

 
Though the low cell voltage advantage of Co/Mo2TiC2-700 at 

400 mA cm−2 is not as pronounced as the lower range, i.e., at 

200 mA cm−2 (Fig. 8), considering the lower cost of non-pre- 

cious materials compared to expensive platinum, the overall 

reduction in the industrial production cost is still considerably 

significant. The tests indicate that the Co/Mo2TiC2-700 catalyst 

screened for H-cell according to the best intrinsic performance 

is indeed also highly efficient in the flow electrolyzer, and 

facilitated the co-production of H2 when paired with furfural 

oxidation. 

We further analyzed the distribution of overpotentials orig- 

inating from anode and cathode reaction kinetics and internal 

resistance (ohmic loss), as shown in Tables S3 and S4.† It is 

interesting to find that the discrepancies between measured 

and calculated cell voltages are in a reasonable range of 

0.22–0.55 V. The discrepancies can be attributed to (1) the 

omission of anolyte and catholyte overpotentials in the analyti- 

cal framework, and (2) the direct use of the anodic/cathodic 

potentials obtained from the half-cell tests. It is worth men- 

tioning that this reported HER/FOR paired electrolyzer has 

demonstrated fairly high current density (200 mA cm−2) oper- 

ation as compared with previous work (Table S5†). However, 

based on the overpotential distribution analysis, there are 

some future directions to reduce the cell voltage. For example, 

despite the maximum resistance being only 1.48 ohm, there 

exists a notable ohmic overpotential at high current densities. 

This overpotential underscores the significance of internal re- 

sistance even at seemingly low resistive values. The ameliora- 

tion of internal resistance can be achieved by employing nickel 

foam with further reduced thickness or a thinner cation 

exchange membrane. Such modifications can further decrease 

the internal resistance, subsequently leading to cell voltage 

reduction. Lowering the cell voltage is pivotal in augmenting 

the furfural conversion rate, as previously observed that higher 

conversion rates occur at decreased cell voltages. This optimiz- 

ation not only enhanced conversion efficiency, but also curtails 

the expense associated with product–reactant separation. 

Maximizing the transformation of furfural to 2-furoic acid 

diminishes the presence of unreacted furfural, thereby poten- 

tially minimizing separation costs. 

 
 

4. Conclusions 

In summary, a versatile and flexible paired alkaline electrolyzer 

based on a compact membrane electrode assembly (MEA) con- 

figuration was developed for co-production of hydrogen and 

valuable carboxylic acid from water and biorenewable alde- 

hydes. Specifically, the continuous and stable production of 

2-furoic acid and H2 at 200 mA cm−2 was achieved by coupling 

the FOR on a NiFe/NF anode with the HER on a Co/Mo2TiC2- 

700 cathode. This paired electrolysis exhibited a combined far- 

adaic efficiency (FE) of 150%, corresponding to a furfural con- 

version of 67.9% and cathodic FE towards the HER of 98.6%, 

https://doi.org/10.1039/d4gc04447a
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at a cell voltage of ∼2.7 V. Moreover, the compact design of the 

MEA-based electrolyzer enabled its operation at a high current 

density of 200 mA cm−2 (800 mA). This study underscored the 

significance of employing a zero-gap MEA configuration in 

advanced electrochemical system design, specifically for the 

electrochemical upgrading of biomass-derived feedstocks. 

Furthermore, the approach of this work facilitated the co-pro- 

duction of H2 and valuable carboxylic acids using complete 

non-noble metal electrocatalysts, paving a cost-effective avenue 

toward the sustainable and distributed manufacturing of high- 

value chemicals in the chemical industry in the future. 
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