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Abstract. Electrochemical oxidation of ammonia can produce hydrogen by splitting the 

ammonia molecules, not merely facilitating the elimination of ammonia but also augmenting 

sustainable hydrogen-based technological systems. However, the anode reaction is sluggish and 

the development of novel electrocatalysts is the major method to overcome this demerit. Herein, 

three kinds of Ni-based MOFs (Ni-BDC, Ni-BTC, and Ni-NH2-BDC) were prepared and used 

as electrocatalysts towards electrochemical oxidation of ammonia for the first time. At optimized 

working condition (0.5 V), Ni-NH2-BDC presents the response current density of 2.12 mA/cm2 

with the current efficiency of 92.6%, both of which are significantly higher than those of Ni-

BDC and Ni-BTC, indicating the better performance of Ni-NH2-BDC. EIS tests and the 

measurement of conductivity revealed that the good performance of Ni-NH2-BDC could be 

attributed to the lower charge transfer resistance at the electrode/electrolyte interface and the 

significantly improved conductivity which is caused by the introduction of NH2 groups.This 

work shed lights on the development of MOFs electrocatalysts for ammonia oxidation as well as 

other electrochemical reactions.  

Keywords: Electrochemical oxidation of ammonia, Nickel-based MOFs, Wastewater treatment, 

Hydrogen production 

1.  Introduction 

Ammonia is recognized as a principal water pollutant, with its concentrations in wastewater emanating 

from industries such as leather processing, coal chemical engineering, and aquaculture often exceeding 

1000 mg/L [1]. Wastewater with high concentrations of ammonia typically exhibits poor 

biodegradability, challenging the effectiveness of biological treatment methods [2]. Concurrently, 

ammonia also serves as a potential energy-containing substance. The electrochemical oxidation of 

ammonia can produce hydrogen by splitting the ammonia molecules, not merely facilitating the 

elimination of ammonia but also augmenting sustainable hydrogen-based technological systems. The 

theoretical potential necessary for decomposing ammonia to generate hydrogen is just 0.06 V (vs. SHE) 

and the reaction could be seen as eq.1-3 [3,4]. However, the overpotential for ammonia oxidation at the 
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anode surface is substantial and the reaction rate is sluggish, curtailing the efficiency of ammonia 

removal and leading to elevated actual energy consumption [4]. 

𝑁𝐻3(𝑎𝑞) +  3𝑂𝐻− → 1/2𝑁2 +  3𝐻2𝑂 +  3𝑒−                           𝐸0  =  −0.77 𝑉 𝑣𝑠. 𝑆𝐻𝐸 (1) 

     3𝐻2𝑂 +  3𝑒−  →  3/2𝐻2 +  3𝑂𝐻−                                        𝐸0 =  −0.83 𝑉 𝑣𝑠. 𝑆𝐻𝐸 (2) 

𝑁𝐻3(𝑎𝑞)  →  1/2𝑁2 +  3/2𝐻2                                                         𝐸𝑐𝑒𝑙𝑙
0 =  0.06 𝑉 (3) 

The pursuit of novel electrocatalysts is pivotal in surmounting this challenge. Platinum (Pt), initially 

identified for its ability to oxidize ammonia at relatively low overpotentials, achieved the lowest 

overpotential at approximately 0.48 V, thus maintaining its status as the most effective ammonia 

oxidation electrocatalyst for an extended period5. However, the deactivation of Pt during the 

electrochemical oxdation of ammonia is very fast due to the too strong binding energy of N atoms on 

the Pt surface, significantly impeding the practical applications of Pt [5]. Moreover, the scarcity of noble 

metals like Pt poses an insurmountable challenge, underscoring the imperative need to develop abundant 

non-precious metal electrocatalysts [6]. 

Common anode materials in water treatment, such as boron-doped diamond [7] and lead dioxide 

(PbO2) [8], have been explored for electrocatalytic ammonia oxidation. Nevertheless, these materials 

necessitate an overpotential greater than 2 V to exhibit effective ammonia nitrogen removal capabilities. 

Presently, Ni-based materials among transition metals exhibit promising prospects, examples include Ni 

electrode [9], Ni/Ni(OH)2 [10], and NiOOH/NF [11]. However, the electrocatalytic performance of these 

non-Pt materials in ammonia oxidation still falls short of requirements, intensifying the demand for 

economical and efficient novel anode catalysts for hydrogen production through ammonia oxidation. 

Metal-Organic Frameworks (MOFs), comprising metal ions and organic ligands interconnected via 

coordination bonds, are porous crystalline materials [12]. Their compositional diversity, easily 

customizable morphology, tunable pore structures, and chemical modifiability render them highly 

versatile in fields such as gas storage, thermocatalysis, gas separation, and electrocatalysis [12]. Recently, 

MOFs have garnered extensive attention as direct electrocatalysts in electrochemical reactions such as 

oxygen evolution reaction [13] and CO2 reduction [14]. Their distinctive porous architecture ensures 

effective dispersion and exposure of metal sites, favorable for catalytic reaction progression [14].  

Crucially, the ligands in MOFs are not mere spectators; rather, they play a pivotal role in modulating 

the electrocatalytic activity [15]. This influence arises from their ability to alter the electronic 

environment of the metal centers, thus impacting the catalytic behavior. However, the application of 

MOF electrocatalysts in the electrochemical oxidation of ammonia remains nascent, with the field ripe 

for further exploration and discovery. 

In this study, three distinct MOFs, namely Ni-BDC, Ni-NH2-BDC, and Ni-BTC, were synthesized 

employing benzene-1,4-dicarboxylic acid (BDC), 2-amino-1,4-benzene dicarboxylic acid (NH2-BDC), 

and 1,3,5-benzenetricarboxylic acid (BTC) as organic ligands, respectively. Their performance as 

electrocatalysts for electrochemical oxidation of ammonia was meticulously examined and the 

transformation of these materials during the electrochemical processes was revealed. The outcomes of 

this study promise to contribute to the development of innovative MOF-based electrocatalysts and 

propel the advancement in the wastewater treatment.  

2.  Methods and Materials 

2.1.  Chemicals and Materials 

Benzene-1,4-dicarboxylic acid (BDC, 99%), 1,3,5-benzenetricarboxylic acid (BTC, 98%), 2-amino-1,4-

benzene dicarboxylic acid (NH2-BDC, 98%), and Ni(II) nitrate hexahydrate (Ni(NO3)2∙6H2O, 98%) 

were purchased from Macklin. Additional reagents, including N,N-dimethylformamide (DMF, 99%), 

sodium hydroxide (NaOH, >98%), and absolute ethanol (C2H5OH, 99.7%), were obtained from the 

Chongqing Chuandong Co. These chemicals were used as received without any further purification. 
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2.2.  Preparation of samples 

The Ni-BDC, Ni-NH2-BDC, and Ni-BTC were synthesized utilizing a straightforward solvothermal 

method. To prepare Ni-BDC, the 15 mL DMF solution containing 3 mmol BDC was mixed with a 

solution of 1 mmol Ni(NO3)2∙6H2O in 30 mL DMF, followed by the gradual addition of 2.4 mmol NaOH 

dissolved in 30 mL water. This mixture was stirred continuously until fully blended. The resulting 

homogeneous solution was then transferred to a 100 mL Teflon-lined autoclave and heated at 120oC for 

10 hours. After cooling to room temperature, the resultant precipitate was collected via centrifugation, 

sequentially washed with DMF, water, and ethanol, and subsequently dried at 40oC for 12 hours. The 

synthesis of Ni-NH2-BDC followed a similar procedure by replacing BDC to NH2-BDC.  

For the synthesis of Ni-BTC, a mixture of 4 mmol BTC dissolved in 20 mL DMF and 20 mL absolute 

ethanol was prepared, and 1.33 mmol Ni(NO3)2∙6H2O was dissolved in 20 mL water. The Ni(NO3)2∙

6H2O solution was gradually added to the BTC solution under continuous stirring until a homogenous 

mixture was obtained. This mixture was then transferred to a 100 mL Teflon-lined autoclave and heated 

at 150oC for 24 hours. Post-cooling, the precipitate was collected, washed, and dried using the similar 

method as described for the synthesis of Ni-BDC. 

2.3.  Characterization Methods 

Morphological analysis was performed using a Talos F200S Transmission Electron Microscope (TEM) 

(Thermo Fisher Scientific CD Ltd, Czech Republic) with the accelerating voltage of 200 kV. Energy-

Dispersive X-ray Spectroscopy (EDS) elemental mapping was also obtained by the same equipment. X-

ray Diffraction (XRD) patterns were recorded on a Panalytical B.V. X-ray diffractometer (Holland), 

scanning from 5o to 90o with the scan rate of 2o/min. X-ray Photoelectron Spectroscopy (XPS) analysis 

was conducted on an ESCALAB 250Xi spectrometer (USA), using an Al Kα X-ray source (1486.6 eV). 

The C-1s peak at 284.8 eV served as a reference for aligning all spectra. The conductivity of samples 

was measured by a YAOS FM100GH (China). The powder samples was pressed into bulk for the 

measurement with the pressure of 3 MPa.  

2.4.  Electrochemical Measurements  

For electrode preparation, the synthesized sample was mixed with nafion solution and water to obtain 

the solution with 0.5% nafion. This mixture was then applied to a hydrophobic carbon cloth, covering 

an area of 1 cm2, with the loading mass of 1 mg/cm2. Electrochemical measurements were conducted 

using a standard three-electrode system. The prepared electrode served as the working electrode, 

complemented by a platinum sheet as the counter electrode and a saturated calomel electrode as the 

reference electrode. The electrolyte solution comprised a mixture of 0.5 M NaOH and 0.5 M ammonia. 

Before all the electrochemical measurements, the Cycle Voltammetry (CV) was conducted in 0.5 M 

NaOH to activate the sample until the current signal is stable. Electrochemical Impedance Spectroscopy 

(EIS) was performed in a frequency range from 0.01 Hz to 100 kHz to assess the charge transfer 

characteristics of the samples. Linear Sweep Voltammetry (LSV) was executed within a voltage range 

of 0-1 V at a scan rate of 10 mV/s.  

3.  Results and discussion 

3.1.  Characterization of catalysts 

The crystalline structure was firstly evaluated by XRD. The XRD patterns of Ni-BDC, Ni-BTC, and Ni-

NH2-BDC depicted in the provided Figure 1, offer critical insights into the phase purity and crystalline 

nature of the synthesized materials. The distinct diffraction peaks corresponding to each MOF signify 

successful synthesis and crystallization. For Ni-BDC, the peaks locating at 11.9o, 15.7o, and 24.8o was 

in accordance with the MOFs reported by Mahdi`s group, confirmed the successful synthesis of Ni-

BDC16. Similarly, Ni-BTC exhibits sharp and well-defined peaks, suggesting a high degree of 

crystallinity and confirming the formation of the desired MOF structure. Meanwhile, Ni-NH2-BDC 
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shows the distinct diffraction pattern which is similar to that of the reported MOFs with NH2-BDC as 

ligands [17]. Substantially, these XRD results conclusively affirm the successful synthesis of the Ni-

based MOFs with their respective organic ligands.  

 

Figure 1. The XRD patterns of Ni-BDC, Ni-BTC, and Ni-NH2-BDC, respectively. 

The TEM analysis was conducted on the samples to discern their morphological characteristics. As 

depicted in Figure 2, the TEM images reveal that both Ni-BDC and Ni-NH2-BDC samples exhibit a 

two-dimensional sheet-like structure with a parallelogram morphology. The defined edges and flat 

surfaces of the Ni-BDC and Ni-NH2-BDC samples could be observed. In contrast, the Ni-BTC sample 

displays a bulk morphology. The difference could be attributed to the different ligands which plays the 

important role in the morphology of MOFs. The results is also in agreement with the reported studies 

[13,16,17].  

EDS elemental mapping provides further insight into the compositional homogeneity of the Ni-NH2-

BDC. As shown in Figure 2d-f, the distribution of Ni is observed to be uniform, further indicating the 

successful synthesis of MOFs which is regarded to have the dispersed metal sites. The presence of N 

elements is identified by Figure 2f and the dispersion of N atoms is also uniform, providing the crucial 

evidence of the thorough incorporation of the NH2 functional groups into the MOF structure. This 

uniformity is essential for facilitating consistent and efficient electrocatalytic reactions on the surface of 

electrocatalysts. 

 

Figure 2. (a-c) The TEM images of Ni-BDC, Ni-BTC, and Ni-NH2-BDC, respectively; (d-f) The EDS 

images of Ni-NH2-BDC.  
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The chemical composition of the three MOF samples were investigated by XPS [18]. The XPS survey 

spectra (Figure 3) confirmed the presence of Ni, C, and O in all three samples. The Ni contents of Ni-

BDC, Ni-NH2-BDC, and Ni-BDC are 4.94%, 3.83%, and 8.00%, respectively. The lowest Ni content of 

Ni-NH2-BDC might be attributed to the induction of NH2 groups since it will lower the Ni/other 

elements ratio. Significantly, The peak corresponding to N atoms could be only seen in the spectrum of 

Ni-NH2-BDC, demonstrating the successful introduction of NH2 groups. The N content Ni-NH2-BDC 

of is calculated to be 6.54%.  

 

Figure 3. The XPS spectra of Ni-BDC, Ni-BTC, and Ni-NH2-BDC, respectively.  

3.2.  Electrochemical measurements of three MOFs samples 

All the samples was activated by conducting the CV tests in 0.5M NaOH solution at first until the current 

is stable. For example, the CV curves of Ni-NH2-BDC for activation. The Linear Sweep Voltammetry 

(LSV) curves shown in Figure 4a illustrate the electrocatalytic activity of Ni-BDC, Ni-BTC, and Ni-

NH2-BDC in a 0.5 M NaOH solution, with and without the addition of 0.5 M NH3. Upon introduction 

of ammonia into the electrolyte, a notable increase in current density is observed for all samples, which 

is indicative of ammonia oxidation. Notably, the Ni-NH2-BDC sample exhibits a significantly enhanced 

current density compared to the other two samples, both in the presence and absence of ammonia. This 

improvement suggests that the presence of the NH2 functional group in the MOF structure facilitates the 

electrochemical process. 

 

Figure 4. (a) The LSVs of Ni-BDC, Ni-BTC, and Ni-NH2-BDC, in 0.5 M NaOH with or without 0.5M 

NH3; (b) The calculated Tafel plots in 0.5 M NaOH with 0.5M NH3. 

It could be noticed that the onset potential of Ni-NH2-BDC is 0.36 V, which is much similar to those 

of Ni-BDC and Ni-BTC. However, the current peak at around 0.45 V on the curve of Ni-NH2-BDC is 

much larger than those of Ni-BDC and Ni-BTC. According to the literature, this peak could be attributed 

to the oxidation of metals in the catalysts. Since all the three samples contains only Ni, these results 

might suggest the better electrochemical performance of Ni-NH2-BDC than others. Additionally, the 
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peak current density for Ni-NH2-BDC with ammonia at any working potential is the highest among the 

three samples. For example, at 0.8 V, the current density for Ni-NH2-BDC reaches approximately 16.93 

mA/cm2, while the values for Ni-BDC and Ni-BTC are just 7.54 and 6.98 mA/cm2, respectively.  

The Tafel slopes derived from the linear regions of the Tafel plot are indicative of the reaction 

mechanism and the rate-determining step of the electrochemical process [18]. As shown in Figure 4b, 

for the Ni-BDC, Ni-BTC, and Ni-NH2-BDC samples, the Tafel slopes are observed to be 83, 65, and 28 

mV dec-1, respectively, when tested in the presence of NH3. The lower Tafel slope suggests a faster 

reaction kinetics, which is desirable in an electrocatalyst. Interestingly, despite the Tafel slope for Ni-

BDC is larger than that for Ni-BTC, the Ni-NH2-BDC sample with NH2-group induced in BTC exhibits 

the lowest Tafel slope of 28 mV dec-1. These results indicate the more favorable electrochemical 

ammonia oxidation process with a faster electron transfer rate and a lower energy barrier of Ni-NH2-

BDC compared to Ni-BDC and Ni-BTC. Since the Ni content of Ni-NH2-BDC is the lowest among the 

three samples and Ni was regarded as the active sites, the enhanced kinetics of Ni-NH2-BDC might be 

attributed to the improved electrical conductivity by the introduction of NH2 functional groups. Overall, 

the Tafel analysis clearly demonstrates that Ni-NH2-BDC outperforms the other samples in terms of 

electrochemical ammonia oxidation with faster kinetics. These observations collectively indicate that 

Ni-NH2-BDC is a more active and efficient electrocatalyst for the oxidation of ammonia in alkaline 

media. Its modified structure, incorporating NH2 groups, seems to facilitate better interaction with 

ammonia, leading to enhanced catalytic performance.  

 

Figure 5. (a-d) Chronoamperogram of Ni-BDC, Ni-BTC, and Ni-NH2-BDC at 0.4 V, 0.5 V, 0.6 V, and 

0.7 V, respectively, in 0.5mol/L NaOH with 0.5 mol/L NH3. 

To further reveal the electrochemical performance of the three samples, chronoamperometry tests 

were conducted to evaluate their electrocatalytic activities for ammonia oxidation at 0.4 V, 0.5 V, 0.6 V, 

and 0.7 V, respectively. As shown in Figure 5a, at 0.4 V, despite the three samples present similar current 

densities in pure 0.5 M NaOH, the Ni-NH2-BDC with 0.5 M NH3 exhibits a much higher current density 

(0.51 mA/cm2) than those of Ni-BDC (0.15 mA/cm2) and Ni-BTC (0.21 mA/cm2) under the same 

condition, further indicating the better performance of Ni-NH2-BDC for electrochemical oxidation of 

ammonia. Increasing the potential to 0.5 V and 0.6 V further differentiates the performance of Ni-NH2-

BDC. At these potentials, the maintained current density for the Ni-NH2-BDC with the presence of NH3 

remains notably higher than those for the other samples. Significantly, even without NH3, The Ni-NH2-
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BDC also exhibits much higher current densities than Ni-BDC and Ni-BTC. At 0.7 V, the current 

densities of all samples increase, which could be due to the higher driving force for the electrochemical 

reaction. It could be noticed that the current density for Ni-NH2-BDC with the absence of NH3 increases 

very much, which could be due to the oxygen evolution reaction [19]. However, Ni-NH2-BDC continues 

to outperform the other catalysts when excluding the influence of the oxygen evolution reaction. This 

suggests that the intrinsic electrochemical performance of Ni-NH2-BDC is much better than the two 

other samples and the Ni-NH2-BDC could maintain the best activity towards electrochemical oxidation 

of ammonia among these catalysts even at higher potentials. 

 

Figure 6. (a, b) The calculated response current towards ammonia and the current efficiency for 

ammonia oxidation. 

To better illustrate the good performance of Ni-NH2-BDC, the response current and the current 

efficiency towards electrochemical oxidation of ammonia were calculated based on the results from 

Figure 5. As depicted in Figure 6, the current density towards ammonia of Ni-NH2-BDC is the highest 

at 0.4-0.7 V, indicating its superior initial electrocatalytic activity towards ammonia oxidation. It could 

also be noticed that the response current density increased when the working potential increased from 

0.4 V to 0.6 V. The response current density at 0.5 V of Ni-NH2-BDC is 2.12 mA/cm2, which is 3.2 times 

higher than those of Ni-BDC (0.66 mA/cm2) and Ni-BTC (0.65 mA/cm2). The highest response current 

density of Ni-NH2-BDC is 3.13 mA/cm2, which could be obtained at 0.6 V. Further increasing the 

working potential to 0.7 V leads to the decreased current density of 2.68 mA/cm2. These results could 

be due to the enhanced oxygen evolution reaction at higher voltages. 

The current efficiency of all the three samples at varies voltages could be seen at Figure 6b. 

Significantly, compared to Ni-BDC and Ni-BTC, the Ni-NH2-BDC presents the highest current 

efficiency at any working potentials. At 0.5 V, the current efficiency of Ni-BDC, Ni-BTC, and Ni-NH2-

BDC are 89.8%, 85.0%, and 92.6%, respectively. However, at 0.6V the the current efficiency of Ni-

NH2-BDC decreased to 58.8%, but this value is still much higher than those of Ni-BDC (27.4%) and 

Ni-BTC (44.7%) under similar conditions. These results further demonstrate the better performance of 

Ni-NH2-BDC for the electrochemical oxidation of ammonia. 

Based on the results shown above, the optimized working potential of Ni-NH2-BDC is suggested to 

be 0.5 V since the response current density at 0.4 V is too low meanwhile the current efficiency decreased 

significantly at 0.6 V.  

3.3.  Mechanism investigation 

The electrochemical process on the surface of samples during the ammonia oxidation was investigated. 

Some studies reported that the MOFs will transform into amorphous structure when they are employed 

as anode in electrochemical reaction [13]. The XRD patterns of Ni-NH2-BDC loaded carbon cloth before 

and after the electrochemical oxidation of ammonia was depicted in Figure 7a. The peak at 18.9° was 

poly-tetrafluoroethylene, which belongs to the hydrophobic carbon cloth used as the substrate. It can be 
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seen that the electrode presents multiple crystal peaks belonging to Ni-NH2-BDC after the loading. 

However, after activation these crystal peaks all disappeared, indicating that during the electrochemical 

process the crystal structure of Ni-NH2-BDC has collapsed. Meanwhile, the XPS N1s of Ni-NH2-BDC 

after activation still could be observed (Figure 7b), indicating that the NH2-BDC ligands was not 

dissolved or decomposed. Based on these results, it could be concluded that the Ni-NH2-BDC 

transformed into amorphous state during the electrochemical process, in accordance with other studies 

[13]. 

 

Figure 7 (a) XRD patterns of carbon cloth, carbon cloth with Ni-NH2-BDC before and after activation; 

(b) The XPS N1s spectrum of Ni-NH2-BDC after activation.  

To further reveal the origin of the good performance of Ni-NH2-BDC, EIS was measured and could 

be seen as Figure 8. The semicircle diameter in the high-frequency region correlates with the charge 

transfer resistance (Rct) at the electrode/electrolyte interface, which is a critical factor in determining the 

kinetics of the electrochemical reactions [17]. For Ni-NH2-BDC, the semicircle is significantly smaller 

than those for Ni-BDC and Ni-BTC, indicating that Ni-NH2-BDC possesses the lower charge transfer 

resistance. This result is consistent with the previous electrochemical data, which highlighted the 

superior performance of Ni-NH2-BDC. The lower Rct could be attributed to the presence of the NH2 

functional groups in the Ni-NH2-BDC, which likely facilitate better charge delocalization and interaction 

with the electrolyte. 

 

Figure 8. The EIS curves of Ni-BDC, Ni-BTC, and Ni-NH2-BDC, respectively. 

Above results suggest that the Ni-NH2-BDC presents the better activity and lower charge transfer 

resistance. Also, it is revealed that the Ni-NH2-BDC contains the lowest content of Ni, which is generally 

regarded as the active sites. Based on these results, it is reasonable to speculate that the NH2 groups 
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might enhance the conductivity of Ni-NH2-BDC, contributing to its good performance. To identify that, 

the conductivity of the three samples was tested and the conductivity values of Ni-BDC, Ni-BTC, and 

Ni-NH2-BDC are 0.04, 0.09, and 4.74 μs/m. Ni-NH2-BDC exhibits the best conductivity and the value 

is over 40 times than those of Ni-BDC and Ni-BTC. Thus, this results demonstrate that the better 

performance of Ni-NH2-BDC might origin from its improved conductivity by the introduction of NH2 

groups.  

4.  Conclusions 

In this study, three kinds of Ni-based MOFs were prepared and used as electrocatalysts for 

electrochemical oxidation of ammonia. The optimized working potential is evaluated to be 0.5 V and 

Ni-NH2-BDC could exhibit the response current density of 2.12 mA/cm2 with the current efficiency of 

92.6%, both of which are significantly higher than those of Ni-BDC and Ni-BTC, indicating the better 

performance of Ni-NH2-BDC compared to Ni-BDC and Ni-BTC towards electrochemical oxidation of 

ammonia. EIS tests and the measurement of conductivity revealed that the better performance of Ni-

NH2-BDC could be attributed to the lower charge transfer resistance at the electrode/electrolyte interface 

and the significantly improved conductivity which is caused by the introduction of NH2 groups. 
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