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ABSTRACT. NiCo-MOF-74 crystallized directly on the surface of porous NiO (p-NiO) film using 

a solvothermal method is proposed as an effective electrocatalyst for the anode in direct urea fuel 

cells. A nickel-to-cobalt ratio of 4:1 was found to show optimum catalytic activity towards urea 

oxidation with significant current enhancement in comparison to other electrodes, including Ni 

foil and p-NiO.  At optimized conditions in an electrolyte solution of 3.0 M KOH and 1.0 M urea, 

a current density of around 110 mA cm-2 with a maximum power density of 4131 μW cm-2 can be 

produced. This is ascribed to the increase of the active surface area over conventional nickel-based 

anodes, providing an abundance of active sites for urea oxidation. Excellent stability and 
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reproducibility over 15 hours application in a direct urea fuel cell was obtained with cell voltage 

of ~0.6 V.  Powder X-ray diffraction shows the crystalline MOF film remain intact after 

chronoamperometry tests, and after fuel cell application, illustrating applicability in real devices.  

INTRODUCTION:  Urea has been widely proposed as an alternative source of fuel as it is 

non-toxic, has a high reaction efficiency, is easily stored, and inexpensive.1,2 Urea has a high 

hydrogen content, around 6.67% by weight with an energy density of 16.9 MJ L-1 (ten times greater 

than hydrogen). In addition, the high abundance of urea makes it a high potential candidate to 

replace hydrogen as fuel in fuel cells.3–5 Urea can be found in large quantities in factory waste and 

from adult humans, who generally excrete 1.5 L of urine containing around 2-2.5% by weight of 

urea, equivalent to around 11 kg of urea per year.6–8 However, one major limitation of the urea 

oxidation reaction (UOR) is slow reaction kinetics. Accordingly, it is necessary to develop a highly 

efficient UOR electrocatalyst to reduce the reaction limitations and increase the reaction rate.9–11 

Nickel-based electrodes have been widely known as excellent anode catalysts for UOR in direct 

urea fuel cells (DUFCs).12 However, nickel-based catalysts have high formation potentials due to 

their low conductivity,11 which are the main challenges in this system. There are several 

modifications that have been reported to enhance the catalytic activity and to obtain optimal 

performance of Ni for DUFC applications, such as structure modification to increase the surface 

area of the catalyst or by doping or combining with other metals (Ni-Co, Ni-Mn, Ni-Mo, etc).13–17 

Meanwhile, the use of porous catalysts is advantageous to overcome the slow reaction kinetics as 

they enhance the number of catalytic active sites for UOR due to their high catalytic surface area, 

affecting the reaction kinetics.6   
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Metal-organic frameworks (MOFs) have attracted great attention due to their tuneable structural 

properties. MOFs are porous crystals constructed of metal ions coordinated by polydentate organic 

ligands, forming one-, two-, or three-dimensional structures with large internal surface area, highly 

tuneable porosity, and the possibility of open metal sites.18,19 MOFs can accommodate mixtures of 

metal ions in their structure, providing options for multifunctionality, and tuning the material 

properties to a specific application. Recent studies suggest that controlling the local electronic 

structures of mixed-metal centers and taking advantage of their synergistic effects could enhance 

the electrocatalytic activity of MOFs.18 Owing to their excellent structural and electro-catalytic 

properties, MOFs have been used in the hydrogen evolution reaction, the oxygen evolution 

reaction, as well as in fuel cell applications.20,21 Several studies have been reported for the use of 

Ni MOFs based catalysts in urea detection.19,22 However, few reports are yet available on the use 

of Ni-based MOFs catalyst for urea/H2O2 fuel cell applications.23   

In this paper, we study bimetallic NiCo MOF-74 crystallized at porous NiO (p-NiO) film. The 

bimetallic MOF with cobalt was selected to lower the formation potential of the NiOOH as the 

active sites of catalyst for UOR.24,25 The use of p-NiO modified with NiCo MOF-74 shows an 

increase of electro-active surface area around five times that of nickel foil, and accordingly 

enhances the catalytic activity towards UOR. Further investigation of NiCo MOF-74 deposited at 

p-NiO (NiCo MOF-74@p-NiO) in a urea fuel cell system demonstrates superior performance, 

including enhanced current and power densities, as well as improved catalytic stability for long-

time application. 
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METHODS 

Synthesis of Ni, Co, and NiCo MOF-74 deposited at porous NiO 

The p-NiO films were prepared based on our previous work.26 A piece of nickel foil (99% purity 

with 0.3 mm thickness) was cleaned by sonication and an anodizing process was performed in 

ethylene glycol containing 2.0 wt.% water and 0.5 wt.% NH4Cl using a standard two-electrode 

cell at 30 V for 15 min, followed by an annealing step at 400°C for 1 h. Characterization of the p-

NiO performed using FTIR spectra revealed bands of 570 and 668 cm-1, which were attributed to 

the vibrations of Ni-O and Ni-O-H, respectively.26 UV-DRS observed an absorbance peak at 

around 414 nm, indicating the existence of nickel oxide, as this peak was not observed in the 

spectrum of the unmodified nickel foil.26  

To synthesize Ni MOF-74, 0.991 g of Ni(NO3)2·6H2O and 0.198 g of 2,5-dihydroxyterephthalic 

acid were dissolved in 20 mL DMF, ethanol, and water (v/v/v:1/1/1). The mixture was 

ultrasonicated for 30 min to form a homogenous solution before transferring to a 40 mL-Teflon-

lined stainless-steel autoclave with a piece of nickel foil (1x1 cm2) immersed into the mixture. The 

autoclave was placed into a fan oven and heated at 100 °C for 24 hours. After cooling to room 

temperature, the treated nickel was washed with methanol and deionized water several times and 

dried overnight at 60°C. The same procedure was applied to synthesize Co MOF-74, except for 

the use of 0.991 g of Co(NO3)2 6H2O as the source of metal, while Ni1Co1 MOF-74, Ni3Co2 MOF-

74, and Ni4Co1 MOF-74 were synthesized using the same procedure with the metal sources of both 

Ni(NO3)2 6H2O and Co(NO3)2 6H2O in a various nickel-to-cobalt (Ni:Co) mole ratios of 1:1, 3:2, 

and 4:1, respectively.  
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The optimum ratio of Ni and Co was investigated by electrocatalytic measurements towards 

UOR using metal MOF-74 deposited onto the unmodified nickel foils. Once the ratio optimized, 

the metal MOF-74 with an optimum Ni:Co ratio was further synthesized onto the prepared p-NiO 

using the similar procedure. All the electrodes were characterized using powder XRD (Malvern 

Panalytical Empyrean diffractometer operating with Cu Kα1/2 radiation) and SEM-EDX (Zeiss 

SUPRA 55-VP Field Emission Scanning Electron Microscope with an Oxford Instruments energy-

dispersive X-ray detector) for confirmation of the MOF-74 formation. 

UOR Electrochemical Measurements 

The electrocatalytic performance towards UOR was measured using a potentiostat (Autolab, 

PGSTAT204) in 1.0 M KOH at room temperature (± 25 °C). A three-electrode system was used 

with MOF-modified p-NiO (surface area of 0.196 cm2) as the working electrodes, Pt spiral as the 

counter electrode, and the Ag/AgCl (sat. KCl) as the reference electrode. Cyclic voltammetry (CV) 

and linear sweep voltammetry (LSV) was used to investigate the catalytic activity of each electrode 

sample. Chronoamperometry (CA) tests was also conducted to investigate the stability and 

durability of the electrodes. 

Direct Urea Fuel Cells Tests   

Investigation of the prepared electrodes for DUFCs was conducted using a two-chamber 

electrochemical cell test. The anode and cathode chambers were separated by a Nafion 115 

membrane (DuPont). Prior to use, the membrane was pre-treated by boiling in 5% H2O2 and 

deionized water. All electrodes were connected to a potensiostat. Initially, open circuit voltage 

(OCV) was measured for 30 min until it reached the steady state. Then, current and power output 
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was measured by applying the collected OCV until it reached 0 V and the average of the last 10 

seconds data in every 5 mins were recorded. 

RESULT AND DISCUSSION  

Optimization of NiCo MOF-74 ratio on Ni Foil 

Fig. 1 shows the powder XRD patterns of all the prepared Ni, Co, and various NiCo MOF-

74@Ni compared to the simulated pattern of MOF-74.27 All samples show similar peak patterns 

to the simulated MOF-74 indicating successful synthesis at the surface of Ni foils. The two intense 

diffraction peaks at 7° and 12° in all patterns, indicate good crystallinity of the synthesized MOF-

74 on the surface of Ni foil.18,21 However, the relative peak intensities of the MOF-74 at higher 

angles are differ to that expected and this may be due to an oriented growth of the MOF at the 

surface. The lower crystallinity of the pure Co MOF-74 can also be noted, which may suggest that 

its’ growth is not so effective at the Ni foil.  

 
Figure 1 XRD patterns of Ni MOF-74@Ni (a), Co MOF-74@Ni (b), Ni1Co1 MOF-74@Ni (c), 

Ni3Co2 MOF-74@Ni (d), Ni4Co1 MOF-74@Ni (e), in comparison with that of the unmodified Ni 

foil (black lines of a-e). 

 

The morphologies of the as-prepared electrodes were studied using SEM-EDX. Fig. 2 shows a 

typical SEM image of the unmodified Ni foil (Fig. 2a) in comparison with those of Ni MOF-74, 
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Co MOF-74, Ni1Co1 MOF-74, Ni3Co2 MOF-74, and Ni4Co1 MOF-74-deposited on Ni foils (Fig. 

2b-f, respectively). The figure indicates that all metal MOF-74 with Ni-Co in all ratios fully cover 

the surface of the Ni foils. Significantly smaller particle sizes of Ni MOF-74 are observed 

compared to those of Co MOF-74, which can be explained by the difference in the crystallization 

kinetics between Ni MOF-74 and Co MOF-74.28 A faster crystallization of Co MOF-74 is expected 

to occur and accordingly, the particle sizes of Ni MOF-74 are smaller than that of Co MOF-74. 

This phenomenon was also shown in all ratios of bimetallic NiCo MOF-74: larger particles were 

formed for Ni1Co1 MOF-74 (Fig. 2d) than Ni4Co1 MOF-74 (Fig. 2f) due to the lower concentration 

of cobalt in Ni4Co1 MOF-74.  

 

Figure 2 SEM-EDX images of the unmodified Ni foil (a), Ni MOF-74@Ni (b), Co MOF-74@Ni 

(c), Ni1Co1 MOF-74@Ni (d), Ni3Co2 MOF-74@Ni (e), and Ni4Co1 MOF-74@Ni (f) 

EDX characterization was conducted to confirm the ratios of Ni and Co in the bimetallic NiCo 

MOF-74-deposited at Ni foils (NiCo MOF-74@Ni). The insets of Fig. 2 show the element 

compositions obtained from EDX results of all the prepared bimetallic NiCo MOF-74 samples. 

Ni1Co1, Ni3Co2, and Ni4Co1 show Ni:Co ratios of 1.4:1, 2:1, and 4.5:1, respectively, which are 

well compared with the initial synthesis ratios. Furthermore, EDX mapping of both Ni and Co 
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particles in MOF-74 in all ratios reveal a uniform elemental distribution on the surface Ni foils 

(Fig. S1).  

An electrochemical study was conducted to evaluate the catalytic activity of all the prepared 

MOF-74@Ni towards urea electro-oxidation by employing CV in 1 M KOH in the presence and 

in the absence of 0.33 M urea. The voltammograms show that when using Co MOF-74@Ni as the 

electrode (Fig. 3a), reduction oxidation peak was not observed with and without the presence of 

urea. This result confirmed the inactive characteristic of cobalt for UOR as previously reported.25,29  

 

Figure 3 Cyclic voltammograms of Co MOF-74@Ni (a), Ni MOF-74@Ni (b), Ni1Co1 MOF-

74@Ni (c), Ni3Co2 MOF-74@Ni (d), and Ni4Co1 MOF-74@Ni (e) in 1.0 M KOH in the presence 

(black line) and the absence (dash line) of 0.33 M urea. 

However, the use of all the prepared MOF-74@Ni electrodes containing nickel in the absence 

of urea (Fig. 3b-e) show a typical oxidation and reduction couple peaks at +0.45 V and +0.2 V 

indicating the reversible conversion of Ni(OH)2 (Ni2+) to NiOOH (Ni3+) in an alkaline system.30 

In the presence of urea, a significant increase of the reduction current at the onset potential of +0.3 

V was observed at the prepared MOF-74@Ni electrodes containing nickel (Fig. 3b-e). In addition, 

an oxidation peak was detected at a potential of +0.6 V, which is attributed to the oxidation peak 
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of urea.26 The observed peaks imply the contribution of NiOOH to the electro-oxidation reaction 

of urea,31 indicating that the catalytic effect of nickel was still applicable although it is coordinated 

in the MOF-74 framework. However, the well-defined peak at +0.6 V could not be detected in Ni 

MOF-74@Ni, even though a significant increase in current density was observed. The absence of 

cobalt in the electrode was the probable reason and confirmed the contribution of cobalt in the film 

to decrease the oxidation potential of urea.26 

To further evaluate the influence of Ni to Co ratios, comparison between signal-to-background 

current (S/B) ratios of the Ni and NiCo MOF-74@Ni with different Ni and Co ratios is summarized 

in Table 1. The table shows that the increase of cobalt content decreases the S/B ratios of the 

catalyst. The lowest S/B ratio was found when Ni MOF-74@Ni was used as the catalyst and was 

higher when cobalt replaced nickel in the samples. However, since cobalt is inactive for urea 

oxidation process, a higher cobalt content can cause a decrease of the S/B ratios. The same 

phenomenon was also found when the nickel and cobalt particles were deposited at carbon 

electrodes, confirming that the presence of cobalt could lower the potential needed to oxidize urea. 

25,29 Accordingly, the Ni:Co ratio of 4:1 was selected for further experiments.  

Table 1 Electrochemical performances of urea oxidation on various Ni:Co ratios of NiCo MOF-

74@Ni electrodes 

MOF-74 

ratio 

Background Current 

Density / mA cm-2 

Peak Current 

Density / mA cm-2 

Signal-to-Background 

Current Ratio 

Ni 53.33 78.84 0.48 

Ni1Co1  8.90 20.16 1.26 

Ni3Co2  15.47 35.79 1.31 

Ni4Co1  10.13 35.50 2.50 

 

Synthesis of Ni4Co1 MOF-74 on porous NiO film 
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Powder XRD of the Ni4Co1 MOF-74 synthesized onto the surface of p-NiO (Ni4Co1 MOF-

74@p-NiO) is well compared to the simulated Ni MOF-74 and Co MOF-74, implying that a high 

crystallinity of Ni4Co1 MOF-74 on p-NiO (Fig. 4a). Further confirmation using SEM-EDX (Fig. 

4b) shows a uniform elemental distribution with full coverage of NiCo MOF-74 particles on the 

surface of p-NiO. A composition of 26.9% Ni, 7.3% Co, 31.8% C and 33.9% O was obtained, 

confirming the Ni:Co ratio of 4:1 of the NiCo MOF-74 at the surface of p-NiO.  

 

Figure 4 (a) XRD peak pattern of Ni4Co1 MOF-74@p-NiO in compared with those of Ni MOF-

74@p-NiO and Co MOF-74@p-NiO and (b) SEM-images of Ni4Co1 MOF-74@p-NiO with its 

EDX mapping. 

 

Electrochemical study of Ni4Co1 MOF-74@pNiO 

A standard inorganic potassium ferro- and ferricyanide solution was used to evaluate the 

electro-active surface area of Ni4Co1 MOF-74@p-NiO compared to the unmodified Ni foil, p-NiO, 

and Ni4Co1@p-NiO.32 The voltammograms of all electrodes (Fig. 5) show a coupled peak, 

attributed to the oxidation reduction peaks of iron at potentials of around +0.3 V and +0.2 V. All 
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the current peaks on all electrodes increased with the increase of the scan rates. Subsequently, the 

electro-active surface area was determined by the Randles-Sevcik equation as follows33: 

𝒊𝒑 = 𝟐. 𝟔𝟖𝟕 𝒙 𝟏𝟎𝟓𝒏
𝟑

𝟐𝑨𝑫
𝟏

𝟐𝑪𝒗
𝟏

𝟐       (1) 

Where 𝒊𝒑 is the peak current, 𝒏 is the number of electrons transferred (𝒏 =1), 𝑨 is the electrode 

surface area, 𝑫 is the diffusion coefficient (6.5 x 10-6 cm2 s-1), 𝑪 is the concentration of the used 

redox solution, and 𝒗 is the scan rate. 

 

Figure 5 Cyclic voltammograms of the unmodified Ni (a), p-NiO (b), Ni4Co1@pNiO (c), and 

Ni4Co1 MOF-74@p-NiO (d) in a 1 mM K4Fe(CN)6 solution recorded at different scan rates. 

Table 2 summarizes the electro-active surface areas calculated from the data in Fig. 5. The p-

NiO electrode shows around two times higher of the electro-active surface area compared to the 

unmodified nickel foil due to its porous structure, while modification with Ni4Co1 MOF-74 at p-

NiO increased the surface-active area to about five times higher than the unmodified nickel foil. 
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Therefore, the catalytic activity enhancement for UOR at by the modification of p-NiO with 

Ni4Co1 MOF-74 is expected.  

Table 2 Summary of the related active surface areas calculated by Randles-Sevcik equation on the 

unmodified Ni foil, p-NiO, Ni4Co1@pNiO, and Ni4Co1 MOF-74@p-NiO, extracted from Fig. 5. 

Catalyst Linear Equation Correlation, R2 Electro-active 

surface area (cm2) 

Unmodified Ni foil y = 69.67x + 4.13 0.99 0.11 

p-NiO y = 154.35x – 1.99 0.99 0.23 

Ni4Co1@p-NiO y = 145.32x + 2.95 0.96 0.21 

Ni4Co1 MOF-74@p-

NiO 
y = 400.43x + 3.44 0.99 0.53 

 

Electrochemical studies on the UOR were carried out at Ni4Co1 MOF-74@p-NiO compared to 

the unmodified Ni, p-NiO, and Ni4Co1@p-NiO using LSV in 1.0 M KOH electrolyte with and 

without the addition of 0.33 M urea. An oxidation peak at a potential of around +0.4 V was 

observed at all electrodes, which was attributed to the oxidation of Ni(OH)2 (Ni2+) to NiOOH 

(Ni3+) in an alkaline system.30 The voltammograms (Fig. 6) also show an increase in the current 

density at all electrodes. The highest current density was observed at Ni4Co1 MOF-74@p-NiO 

(35.79 mA cm-2) compared to Ni foil (1.62 mA cm-2), p-NiO (7.16 mA cm-2), and Ni4Co1@p-NiO 

(25.78 mA cm-2), indicating the highest catalytic activity of Ni4Co1 MOF-74@p-NiO towards 

UOR. The voltammogram was also measured for Ni4Co1 MOF-74 crystallized on carbon foam 

(CF) to see the influence of the supporting electrode (Fig. S3). Unlike the voltammogram for 

Ni4Co1 MOF-74@p-NiO electrode, the oxidation peak was not observed for Ni4Co1 MOF-74@CF 

either in the absence or the presence of urea. This is likely to be because a higher potential is 

needed to perform the oxidation reaction of Ni and urea on carbon foam as it has no catalytic 
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activity for urea oxidation, as well as a lower conductivity than nickel foam. Therefore, the use of 

p-NiO as the supporting electrode has been proven to show excellent activity towards UOR. 

Further observation of the onset potential of UOR at Ni4Co1 MOF-74@p-NiO revealed a left shift 

compared to other electrodes. In the presence of urea, the unmodified nickel foil electrode has an 

onset potential of 0.39 V (vs. Ag/AgCl), which was close to those of p-NiO and Ni4Co1@p-NiO 

at 0.38 V (vs. Ag/AgCl). However, a significant potential decrease was shown by Ni4Co1 MOF-

74@p-NiO at 0.27 V vs. (Ag/AgCl), confirming that the modification of p-NiO with Ni4Co1 MOF-

74 decreases the onset potential required by the electrode to initiate the urea oxidation process.  

Tafel slope analysis of the four electrodes (Fig. 6c) was performed to evaluate the reaction 

kinetics of their catalytic activity. A low Tafel slope implies fast reaction kinetics at the electrode 

surface.6 Ni4Co1 MOF-74@p-NiO showed the lowest Tafel slope (39.00 mV dec-1), compared to 

Ni foil (55.37 mV dec-1), p-NiO (41.93 mV dec-1), and Ni4Co1@p-NiO (176.86 mV dec-1). This 

indicates an increase in urea electro-oxidation reaction rate at the NiCo MOF-74@p-NiO surface, 

along with the increase in applied overpotential.34 The highest Tafel slope value obtained for the 

Ni4Co1@p-NiO electrode, may be due to the less porous nature of the NiCo particles that inhibit 

the urea electro-oxidation reaction. This also proves that the modification with bimetallic MOF-

74 structure increases the surface area of p-NiO as high porosity MOF-74 can facilitate the 

oxidation of urea with more catalytic active sites and accelerate the electro-oxidation process of 

urea. A Summary of the electrochemical analysis of the four electrodes towards UOR are presented 

in Table 3. In addition, compared to other recent developed catalysts for UOR, Ni4Co1 MOF-74 

also showed a low and comparable onset potential and Tafel slope result making this developed 

electrode a very promising catalyst for UOR.35–37  
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Figure 6 Voltammograms of the unmodified Ni foil, p-NiO, Ni4Co1@pNiO, and Ni4Co1 MOF-

74@p-NiO electrodes in 1.0 M KOH in the absence (a) and the presence (b) of 0.33 M urea and 

their related Tafel plots (c) 

 

Table 3 Electrochemical parameters of the studied electrodes towards UOR. The data were 

extracted from Fig. 6. 

Catalyst Current Density (mA 

cm-2) 

Onset Potential (V vs. 

Ag/AgCl) 

Tafel Slope (mV 

dec-1) 

Unmodified Ni 1.167 0.39 55.37 

p-NiO 7.164 0.39 41.93 

Ni4Co1@p-NiO 25.785 0.40 176.86 

Ni4Co1 MOF-

74@p-NiO 
35.788 0.31 39.40 
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Voltammograms of Ni4Co1 MOF-74@p-NiO were examined in various concentrations of KOH 

and urea to determine the optimum electrolyte concentration for the DUFC applications. The 

voltammograms of Ni4Co1 MOF-74@p-NiO in 0.33 M urea with various concentrations of KOH 

(Fig. 7a) show that the increase of KOH concentrations in the UOR decreases the onset potential 

of NiOOH formation, thereby increasing the current density. The probable reason is the presence 

of more OH- ions accelerate the formation of NiOOH species in the lower potential.15,38 

 

Figure 7 Voltammograms of Ni4Co1 MOF-74@-p-NiO (a) in 0.33 M urea at different 

concentrations of KOH and (b) the effect on the peak current density and the onset potential (b), 

together with (c) voltammograms at different concentration of urea in 0.1 M KOH and (d) the 

effect of urea concentration on peak current density 

Plots of the onset potentials and current densities versus KOH concentrations in Fig. 7b show 

that the increase of current density and the decrease of the onset potential with the increase of 

KOH concentration reaches maximum at 3 M and remain stable at a concentration of 4 M KOH. 
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This is probably because the increase of the solution viscosity with the KOH concentration 

(containing 0.33 M urea) inhibits the charge transfer and blocks the catalytic sites.5 In addition, 

the oxygen evolution reaction and the accumulation of other unwanted products might occur in 

high KOH concentrations leading to block the diffusion of urea and decreasing the performance 

of UOR.39 Accordingly, the concentration of 3 M KOH was set for the remaining experiments.  

Urea concentration was optimized at 3 M KOH concentration. Fig. 7c shows the cyclic 

voltammogram of the Ni4Co1 MOF-74@p-NiO electrode at various urea concentrations. The plots 

of current density with urea concentration show that the current increase reaches its maximum at 

1.0 M, indicating the saturation kinetics of UOR on Ni4Co1 MOF-74@p-NiO. At the higher 

concentrations, the excess of urea might cover the surface of the electrode to limit the contact with 

OH- and suppress NiOOH formation, the active catalyst for UOR.15 Meanwhile, at lower 

concentrations, the obtained current density was low due to insufficient amount of urea to optimize 

UOR performance. Based on the results, 3.0 M KOH concentration and 1.0 M urea concentration 

were used in the following experiments.  

Stability and repeatability tests were carried out on the Ni4Co1 MOF-74@p-NiO electrodes 

using chronoamperometry at 0.55 V for 1 hour and LSV for five times tests. SEM-EDX and XRD 

characterization was also conducted on the sample electrodes after the CA and LSV test to examine 

the stability of the modified Ni4Co1 MOF-74 on the surface of p-NiO. Chronoamperograms of 

Ni4Co1 MOF-74@p-NiO in 3.0 M KOH (Fig. 8a) in the absence of urea show a stable current 

density of Ni4Co1 MOF-74@p-NiO at an applied potential of 0.55 V for 1 hour. In the presence of 

1.0 M urea higher current density values with an average value of 43 mA cm-2 was obtained. Good 

stability of the current was also observed, indicating a stable UOR processes occurred on the 

surface of the Ni4Co1 MOF-74@p-NiO.  
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Figure 8 (a) Chronoamperograms Ni4Co1 MOF-74@p-NiO in 3.0 M KOH in the absence and in 

the presence of 1.0 M urea at an applied potential of 0.55 V for one hour; (b) the XRD pattern 

before-after the CA test, and SEM-EDX (c) before and (d) after the chronoamperometry test. 

 

XRD patterns of Ni4Co1 MOF-74@p-NiO carried out before and after the stability test (Fig. 

8b) show no significant difference on the peak patterns. However, a slight decrease in the peak 

intensity was observed, which may be due to the removal of any loosely bound Ni4Co1 MOF-74 

on the surface of p-NiO to leave the well-attached layer. EDX characterization (Fig. 8c and 8d) 

shows the same percentage of the remain elements, confirming that Ni4Co1 MOF-74 is stable on 

the surface of p-NiO.  

Repeatability tests were also carried out using LSV in 3.0 M KOH with the addition of 1.0 M 

urea for five times measurements. Twenty scans of the LSV test were performed until a stable 

current density was obtained (Fig. 9a). This shows that peak current density as well as the S/B 
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ratio was stable without any significant change during the five times-repeatability tests. The 

repeatability performance of Ni4Co1 MOF-74@p-NiO for 5-times repeatability tests is 

summarized in Fig. S4 and Table S1, implying that this developed Ni4Co1 MOF-74@p-NiO is 

promising to be used as UOR electrode for long-time application.  

Fig. 9b shows the powder XRD patterns of Ni4Co1 MOF-74@p-NiO before and after each 

repeatability test from the first to the fifth measurement. The characteristic peaks of Ni4Co1 MOF-

74 are observed after repeatability test confirming the existence of Ni4Co1 MOF-74 on the surface 

of p-NiO. Again, the initial decrease in the peak intensity may be due to the removal of unattached 

Ni4Co1 MOF-74 particles at the p-NiO surface. However, once the excess particles are removed, 

the NiCo MOF-74 remained stable on the p-NiO surface in remaining LSV cycles. Confirmation 

was performed using UV-vis spectral characterization of the solution suggesting the dissolution of 

Ni and Co particles into the electrolyte (Fig. S2). Another possibility of the peak decrease is 

tapping of molecules formed during the UOA process (the presence of CO2, N2, or even urea itself) 

in the porous of MOF-74 structure. However, further characterization is needed to further elaborate 

this phenomenon. Nonetheless, the intensity was observed to be stable after the 3rd to 5th day of 

testing.  

Characterization using SEM-EDX, Fig. 9c and 9d, show the existence of Ni4Co1 MOF-74 

particles on the p-NiO surface. However, we observed the increase of Ni percentage after the 

repeatability test from 4:1 to 7:1 (Table S2). This decrease might be due to the loss of Ni4Co1 

MOF-74 leading to more exposed Ni film detected by the EDX and increases the percentage of Ni 

elements on the surface of the Ni4Co1 MOF-74@p-NiO.  
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Figure 9 (a) The curve of peak current density as well as signal-to-background current ratio vs. 

the number linear sweep voltammetry performed at Ni4Co1 MOF-74@p-NiO together with (b) 

XRD pattern before and after the tests, and SEM images (c) before and (d) after the repeatability 

tests. 

 

Direct Urea Fuel Cell Application 

DUFC testing was conducted in a two-chamber fuel cell using the Ni4Co1 MOF-74@p-NiO as 

the anode with Pt spiral as the cathode. The activity of Ni4Co1 MOF-74@p-NiO in the DUFC was 

also compared with those of the unmodified Ni foil, p-NiO, and Ni4Co1@p-NiO (Fig. 10a). The 

better performance of both p-NiO and Ni4Co1@p-NiO (in terms of current density, power density, 

and potential) than that of the unmodified Ni foil was observed as expected, due to the porous 

structure on the surface of p-NiO. In addition, modification with bimetallic Ni-Co particles on p-

NiO improved the performance of UOR in the DUFC by lowering the formation potential of 
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NiOOH. However, Ni4Co1@p-NiO showed slightly lower performances, which is consistent with 

its high Tafel slope value described above. This phenomenon was also confirmed by the smaller 

electro-active surface area of Ni4Co1@p-NiO (0.212 cm2), compared to the p-NiO (0.225 cm2).  

 

Figure 10 The performance of urea/H2O2 fuel cell using NiCo MOF-74@p-NiO in comparison 

with other electrodes (a) and its potential versus time during 15 h test at a current density of 10 

mA cm-2 (b) 

Ni4Co1 MOF-74@p-NiO was observed to produce the optimum performance compared to all 

electrodes (Table 4), suggesting that the modification of p-NiO surface with Ni4Co1 MOF-74 is 

the most suitable to improve the DUFC performance. The performance is also consistent with the 

obtained electro-active surface area of Ni4Co1 MOF-74@p-NiO (0.534 cm2), which is five times 

larger than the nickel foil. This result implies that the high porosity of the modifying MOF is the 

main factor to increase the active surface area and availability of catalytic active sites of the 

electrodes, resulting in the acceleration of the electro-oxidation urea. Comparison with previously 

reported anodes applied in typical direct urea fuel cells is presented in Table 4. It can be seen that 

the Ni4Co1 MOF-74@p-NiO gives a higher maximum power density than almost all the other 

materials reported that have been studied under similar conditions. Although a better performance 

was shown by nickel cobalt-modified nanowire arrays, this was probably due to the use of very 
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high concentration of KOH in that study. This would be difficult to apply with porous electrodes, 

as the increased viscosity will hinder mass transfer.  

Examination on the stability of the urea fuel cell using NiCo MOF-74@p-NiO as the anode 

using the two-chamber fuel cell was also performed at a current density of 10 mA cm-2 for 15 

hours. Fig. 10b shows the cell voltage was increased until ~0.6 V, indicating the excellent 

performance of the NiCo MOF-74@p-NiO as the anode.  

Table 4 Comparison of the performances of different reported anode catalysts in the urea/H2O2 

fuel cell test. 

Anode  Cathode  Fuel Oxidant Max. Power Density 

(𝒎W cm-2) 

Unmodified Ni foil 

Pt 
3 M KOH + 1 M 

urea 

2 M H2O2 + 2 M 

H2SO4 

1.488 

p-NiO 2.792 

Ni4Co1@p-NiO 2.608 

Ni4Co1 MOF-

74@p-NiO 
4.131 

Ni/MWCNTs7 Pt/C 
1.0 M urea + 1.5 M 

NaOH 

20 % H2O2 + 5% 

H3PO4 
0.06 

Ni4Co1/C25 Pt Foil 0.33 M urea 
Humidified 

Oxygen 
1.57 

NiCo NWAs2 Pd/CFC 
0.33 M urea + 9 M 

KOH 

2 M H2O2 + 2 M 

H2SO4 
7.40 

NiCo-BDD31 Pt spiral 
0.5 M urea + 0.1 M 

KOH 

2 M H2O2 + 2 M 

H2SO4 
0.63 

 

CONCLUSION 

NiCo MOF-74 has been crystallized at the surface of anodized porous NiO using a solvothermal 

method. A Ni-to-Co ratio of 4:1 showed the highest current density as well as signal-to-background 

current ratio towards urea electro-oxidation reaction with a five-times electro-active surface area 
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higher than that of the nickel foil. A current density of 110 mA cm-2 could be achieved for urea 

oxidation reaction in 3 M KOH containing 1 M urea with a good stability for 1 hour and five-times 

repeatability measurements. The application of the NiCo MOF-74@p-NiO as an anode in the 

direct urea fuel cell showed an enhancement of power density in comparison with those of the 

unmodified nickel foil and anodized NiO porous film. An excellent stability for 15 hours 

application was also observed, indicating that the material is promising for a real direct urea fuel 

cell.  
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