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Abstract: Green synthesis of urea under ambient conditions by electrochemical co-reduction 

of N2 and CO2 gases using effective electrocatalyst essentially pushes the conventional two 

steps (N2 + H2 = NH3 & NH3 + CO2 = CO (NH2)2) industrial process at high temperature and 

high pressure, to the brink. The single step electrochemical green urea synthesis process has 

hit a roadblock due to the lack of efficient and economically viable electrocatalyst with 

multiple active sites for dual reduction of N2 and CO2 gas molecules to urea. Herein, copper 

phthalocyanine nanotubes (CuPc NTs) having multiple active sites (such as metal center, 

Pyrrolic-N3, Pyrrolic-N2, and Pyridinic-N1) are reported to exhibit urea yield of 143.47 µg h
-

1 
mg

-1
cat and FE of 12.99% at –0.6 V vs RHE by co-reduction of N2 and CO2. Theoretical 

calculation suggests that Pyridinic-N1 and Cu centers are responsible to form C-N bonds for 

urea by reduction of N2 to NN* and CO2 to *CO respectively. This study not only provides 

the new mechanistic insight about the successful electro-reduction of dual gases (N2 and 

CO2) in a single component, but also helps to select for rational design of the efficient noble 

metal-free electrocatalyst for the synthesis of green urea. 
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Introduction:  

With the global annual production of 100 million tons, urea is considered to be one of the 

important nitrogen sources for fertilizer industry [1-2]. Industrial urea is synthesized by the 

following two consecutive steps. First, the reaction of nitrogen and hydrogen (N2 + H2 → 

NH3) by the Haber-Bosch process at high temperature and pressure (350–550°C, 150–350 

bar); followed by the reaction of NH3 and CO2 [NH3 + CO2 → CO(NH2)2] under mild 

reaction conditions (170–200°C and 200–250 bar) [3-4]. The sequential reactions are carried 

out for several cycles to increase the conversion efficiency [2]. For the first step, fixation of 

N2 and H2 is an energy as well as capital intensive process due to difficulty in cleaving the 

N≡N bond. Extensive research works have been reported on electrochemical N2 fixation to 

NH3 in water medium under ambient conditions [5-13]. In this electrochemical method, 

isolation of NH3 gas with high purity from electrolyte solution is troublesome. In the second 

step, CO2 fixation on the substrate and its separation is one of the major challenging tasks for 

the further reaction with NH3 to end up in urea. Overall, the two step process for large scale 

production of urea, consumes high energy and this industrial process is not at all cost 

effective. On the other hand, electrochemical urea synthesis by the co-reduction of N2 and 

CO2 (N2 + CO2 + 6H
+
 + 6e

-
 → CO (NH2)2 + H2O) using efficient electrocatalyst in water 

medium under ambient conditions would be an alternative way in the upcoming days. Chen 

et al. [14] developed a noble metal based PdCu alloy nanoparticles on TiO2 nanosheets for 

electrochemical urea preparation in water with formation rate of 3.36 mmol g
-1

 h
-1

 and FE of 

8.92% at –0.4 V vs RHE. Non-noble metal Bi-BiVO4 heterostructure was designed by Yuan 

et al. [15] for electrochemical urea synthesis by co-activation of N2 and CO2, and the Mott-

Schottky catalyst showed the urea yield rate of 5.91 mmol h
-1

 g
-1

 at –0.4 V vs RHE along 

with FE of 12.55%. Recently, their research group have also fabricated BiFeO3/BiVO4 based 

heterojunction showing urea yield rate of 4.94 mmol h
-1

 g
-1

 with FE of 17.18% at –0.4 V vs 
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RHE in 0.1 M KHCO3 [16].  All the strategies using heterostructure and alloys for urea 

synthesis forming C-N bond by the co-reduction of N2 and CO2, have not been reached the 

bench mark in term of urea yield rate and FE for practical applications. To achieve the high 

urea yield and FE, the following factors are to be taken into account. First, as catalysis being 

a surface phenomenon, higher specific surface area with easier adsorption of the gases (N2 

and CO2) and facile desorption of the product (urea) is an absolute necessity. Secondly, 

catalyst must possess multiple active sites for co-reduction of gaseous molecules (N2 and 

CO2) in the similar potential range. Thirdly, electrocatalyst must have specificity and 

selectivity towards simultaneous reduction of N2 sources (N2, nitrate, nitrite, NO etc.) and 

CO2 by the formation of C-N bond coupling [14, 17-19]. And finally, the suppression of 

hydrogen evolution reaction (HER), choice of electrolyte and catalyst are very crucial for 

electrochemical urea synthesis [14]. In this regard, electrocatalyst having multiple active sites 

and selectivity towards both NRR and CO2RR under the similar potential window may be 

effective for urea synthesis in water medium at standard temperature and pressure (STP). 

Karapinar et al. [20] developed CuPc-CNT electrocatalyst which showed the electroreduction 

of CO2 into CO with large FE at low overpotential. Prof. Hu and coworkers [21] studied that 

iron phthalocyanine/carbon (FePc/C) is an effective NRR electrocatalyst which showed the 

yield rate of NH3 to be 10.25 µg h
-1

 mgcat
-1

 at low potential of –0.3 V and FE of 10.50%. 

Recently, we have reported transition metal phthalocyanine nanostructures having multiple 

active sites (metal center, Pyrrolic-N3, Pyrrolic-N2, and Pyridinic-N1) as an efficient NRR 

electrocatalyst [22-23]. Therefore, metal phthalocyanine as an electrocatalyst have shown the 

potential as an effective activator to co-reduce N2 and CO2 due to their multiple active sites 

under ambient conditions which is yet to be excavated by the research community.  
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In this article, we have demonstrated CuPc nanotubes, synthesized through solvothermal 

method, as an efficient catalyst for the electrosynthesis of green urea. As prepared CuPc 

nanotubes deliver the urea yield rate of 143.47 µg h
-1 

mg
-1

cat and FE of 12.99% at –0.6 V vs 

RHE under ambient conditions. DFT calculation helps to identify the various active sites of 

CuPc molecules responsible for the formation of C–N bond via coupling of N2 and CO2.  

 

Results and discussion: Prior to the synthesis of catalyst, theoretical calculations are 

performed to understand the reaction mechanism and to identify the catalytic sites in copper 

phthalocyanine (CuPc) favoring urea synthesis by coupling N2 and CO2. In this context, the 

urea synthesis is a complex reaction with the following major challenges; (i) N2 adsorption, 

(ii) CO2 adsorption and conversion to CO, and (iii) competing HER and ammonia (NH3) 

formation. Recently, the phthalocyanine systems are reported as an efficient electrocatalyst 

for N2 fixation due to unsaturated configuration of active sites [21-22]. Therefore, we 

considered five different types of possible active sites (Cu, C, N1, N2, N3) in the CuPc model 

that are highlighted with different colors in Figure 1b. Firstly, we estimated the N2 

adsorption energy on active sites of CuPc as shown in Figure 1c. It is seen that the N2 

adsorption free energies (*NN) of all sites are exothermic in nature and obtained in the 

following order: Pyridinic-N1 (–0.108eV) > Pyrrolic-N2 (–0.088eV) > Pyrrolic-N3 (–

0.083eV) > Carbon (–0.055eV) > Cu (–0.038eV). Importantly, the Pyridinic-N1 is found to 

be the preferred site for N2 adsorption (end on configuration). The urea synthesis process also 

depends on the evolution of CO through CO2 reduction, which is highly influenced by the 

adsorption of COOH intermediate on the active site [24]. It is well known that the Cu-based 

catalysts are ideal to catalyze CO2 into useful products [20, 25-26]. Therefore, we considered 

Cu center of CuPc NTs to reduce CO2 into CO. We observed that the adsorption free energy 

of COOH (*COOH) is 0.39 eV on Cu active site of CuPc, which is decreased to 0.31 eV in 
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presence of adsorbed N2 on Pyridinic site (Figure 1d). The charge transfer seems to occur on 

Cu site and investigated through bader charge analysis. The bader charge of Cu center is –

0.23e and +1.12e in pristine CuPc and N2 adsorbed CuPc respectively. Thus, the gain of 

charge on Cu center due to neighboring adsorbed N2 is the reason for lowering of free energy 

for *COOH (*NN), which improves the ease of CO2 electroreduction. 

 

Figure 1: (a) Demonstrate the schematic representation of copper phthalocyanine synthesis 

and co-reduction of nitrogen and carbon dioxide to produce urea; (b) Represents the model 

of CuPc and possible active sites denoted with different colors. (c) Demonstrates the free 

energy profile of N2 adsorption on the active sites of CuPc (d) Represents COOH adsorption 

on Cu center of CuPc with and without neighbouring N2 molecule. Dotted lines are guide to 

the eye. 

The CuPc NTs were synthesised by ethylene glycol assisted solvothermal technique in our 

earlier report [27] [Figure 1a & see the SI for details]. The role of ethylene glycol for the 

synthesis of metal phthalocyanine is explained in our previous work [22]. The detailed 

reaction mechanism for the formation of CuPc molecule is shown in the Figure S1. The 
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phase purity identification and crystalline structure of chemically synthesized CuPc 

nanotubes are examined by XRD technique, as shown in Figure 2a. The peaks at 6.9° and 

9.1° in the pattern specify the formation of pure β phase. All the peaks, indexed as (101), 

(101), (002), (200), ( 2 02), (103), (3 01) and (103) in the XRD pattern are well matched with 

standard JCPDS card (No. 39-1881).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: (a) X-ray diffraction pattern of CuPc nanotubes; (b) & (c) High resolution XPS 

spectra of the Cu 2p doublet and N 1s respectively; (d) FESEM image of CuPc nanotubes 

having wall thickness in the range of 70-120 nm; (e) TEM image of a hollow nanotube; (f) 

HRTEM lattice image of CuPc nanotubes. 

 

Various chemical bonds present in the CuPc nanotubes are confirmed by FTIR spectra which 

are shown in the Figure S2. The most significant peak at 1166 cm
-1

 is ascribed to the 

existence of Cu–N bonding in the CuPc molecule [28]. The peaks at 901, 1068, 1090, and 

1119 cm
-1 

are assigned to pyrrole in plane modes of CuPc and the peak at 879 cm
-1

 indicates 

the pyrrole out-of-plane modes of phthalocyanine. The peak at 1288 and 1334 cm
-1

 can be 

assigned to C=N–C bridge sites in CuPc [28, 29]. Figure S3 shows the survey scan spectrum 
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which confirms the coexistence of major constituent’s elements Cu, N and C in the CuPc 

molecule. In Figure 2b, the peaks at 935.64 eV and 955.63 eV are assigned to the electronic 

states of Cu 2p3/2 and Cu 2p1/2 respectively [28]. The satellite peak indicates the divalent 

nature of Cu in the CuPc molecule [28]. A high resolution spectrum of N1s is presented in the 

Figure 2c, which consists of two peaks at 399.13 eV and 400.39 eV indicating the pyridinic 

nitrogen and pyrrolic nitrogen group respectively in the CuPc molecule [28]. The FESEM 

image of the chemically synthesized CuPc nanotubes is shown in Figure 2d. The length and 

diameter of the 1D CuPc nanotubes are found to be around 4 μm and 220–400 nm 

respectively. Figure 2e shows the TEM (transmission electron microscopy) image of the 

CuPc hollow nanotube having wall thickness less than ⁓100 nm. The high resolution 

microscopic (HRTEM) image is shown in the Figure 2f and the lattice spacing of the CuPc 

nanotubes is 1.2 nm which is related to the (101) plane.  

To study the electrocatalytic activity of CuPc NTs, electrochemical measurements 

were performed in a (N2 + CO2) purged and Ar saturated 0.1 M KHCO3 electrolyte using H-

type cell at room temperature and normal pressure (Shown in Figure S4). Figure S5 shows 

the linear sweep voltammetry (LSV) curve of CuPc NTs recorded at 50 mVs
-1

 where LSV 

curve shows the enhanced current densities in the potential range of –0.3 to –0.8 V (vs RHE) 

in comparison to that of the Ar saturated solution, indicating the feasibility of co-reduction 

for electrocatalytic urea synthesis [14-15]. The quantitative determination of urea yield by co-

reduction of dual gas (N2 and CO2) is accomplished using CuPc NTs, and time dependent 

chronoamperometry measurements were carried out at different applied potentials in dual gas 

(N2 + CO2) saturated electrolyte (shown in Figure 3a). The UV–vis absorption spectrum of 

electrolyte with distinctive absorption of 525 nm at various potential ranges is presented in 

Figure 3b and the maximum was found at –0.6 V vs RHE. The produced urea was estimated 

by diacetyl-monoxime method at different potentials (see the detailed procedure in SI). The 
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related calibration curve for the estimation of urea is shown in the Figure S6. The urea yield 

and corresponding FE of the produced urea in a potential window is depicted in the Figure 

3c. The CuPc NTs deliver maximum urea yield rate and FE are of 143.47 µg h
-1 

mg
-1

cat at –

0.6 V vs RHE and 14.83 % at –0.3 V vs RHE respectively. The high urea yield rate is 

attributed to the C-N bond formation through co-reduction of N2 and CO2 in the CuPc 

molecule by the Pyridinic N sites and Cu metal centre respectively, which is further verified 

by our DFT calculation. Additionally, it is observed that urea yield rate increases with 

negative potentials until –0.6 V vs RHE and the rate decreases due to the competitive reaction 

between H2 and N2 in the electrode surface. Stability and recyclability are the important 

parameters to verify the efficacy of the catalyst performance for real life applications. CuPc 

NTs electrocatalyst has negligible changes in urea yield rate and FE during recycling 

experiment for five consecutive cycles (Figure 3d). Figure S7 shows the long term 

electrolysis for 10 h at –0.6 V vs RHE in 0.1 KHCO3 which demonstrates the good catalytic 

stability of CuPc NTs. After 10 h electrolysis, the urea yield rate and corresponding FE of 

CuPc NTs slightly decreases from its initial value (135.89 µg h
-1 

mg
-1

cat and 10.04%). In 

order to check the stability of the catalyst after rigorous electrolysis (10 h), we have examined 

the catalyst through XRD and the consistency remains intact with that one prior to catalysis 

(Figure S8).   

All the results clearly indicate the durable and stable character of CuPc NTs electrocatalyst 

under ambient conditions for electrochemical urea synthesis through co-reduction of N2 and 

CO2. To further verify that, urea is produced through co-reduction method, the controlled 

electrolysis has been carried out in dual gas (N2 + CO2), Ar saturated solution, bare carbon 

paper substrate and under an open circuit potential at –0.6 V vs RHE for 2 h. Negligible 

amount of urea was detected for all the cases as shown in the Figure S9, suggesting that 

CuPc NTs is highly active candidate for green urea synthesis. 
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Figure 3: (a) Time reliant current density (j) curves for CuPc NTs at various potential; (b) 

UV-vis absorption spectra of the electrolytes; (c) Urea yield rate and FE with N2 and CO2 as 

feeding gas at different potentials for CuPc NTs; (d) The urea yield rate and FE of CuPc 

nanotubes at –0.6 V vs RHE during recycling tests for five times. 

 

Further, we proposed the entire reaction mechanism of urea synthesis on CuPc via the 

dual active sites, namely Pyridinic-N1 and Cu site for N2 and CO2 co-reduction respectively. 

To understand the process of urea synthesis, see the schematic diagram in Figure 4.  
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Figure 4 Demonstrating the various steps of urea synthesis during co-reduction of N2 and 

CO2 on CuPc. (the symbol * denoted for the adsorption) The Cu, N, O, C, H atoms are 

denoted with pink, blue, red, wine, and green color sphere respectively. For easy 

understanding of reaction mechanism, the free H atom not shown in figure during 

hydrogenation of *NCON group. 

 

The full free energy profile of urea synthesis is demonstrated in Figure 5a. The first 

step includes the adsorption of N2 on Pyridinic-N1 site and CO2 on Cu site of CuPc. Free CO 

molecule from Cu site is released during CO2 reduction to help in the formation of *NCON 

intermediate by making the bond with neighboring adsorbed N2 molecule. The distance 

between N-N of N2 molecule is 1.12 Å, which is increased to 1.37 Å after the CO attachment 

indicating the weakening of the triple bond of nitrogen molecule. Here, the reaction step *N2 

+ CO (3
rd

) to *NCON (4
th

) is found to be the potential determining step and the 
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corresponding overpotential is 1.72 V. Later, the hydrogenation of *NCON group takes place 

towards the synthesis of NH2CONH2 (urea). It is observed that the free energy of *NNH 

(1.88 eV) has higher positive value than that of *NCON (1.57 eV) that indicates less 

possibility of the NH3 formation. Therefore, the energy of NCON intermediate is an 

important parameter to specify the possibility of production of urea on CuPc NTs. In Figure 

5b, we show that the free energy of hydrogen (ΔGH*) on Cu is +2.01 eV, much higher than 

*COOH, which improves the faradic efficiency of urea synthesis by greatly suppressing 

HER. Also, the higher values of ΔGH* on Pyrrolic-N2 (+0.95 eV), Pyrrolic-N3 (+1.07 eV) and 

Carbon (+1.43 eV) indicate low HER performance of the present catalyst. Whereas, the 

hydrogen adsorption does not occur on Pyridinic-N1 site of CuPc. Especially, high positive 

value of ΔGH* limits the H poisoning on the CuPc surface. Further, we performed the charge 

density difference study to visualize electron transfer behavior during the adsorption of 

COOH on Cu site (Figure 5c,d). The electrons accumulation (yellow color isosurface) is 

observed on the bond between the COOH and Cu center that confirms the adsorption of 

COOH. The estimated bader charge of Cu in pristine CuPc (–0.23e) is reduced to –0.41e in 

*COOH which signifies the transfer of charge (0.18e) from Cu to COOH during the 

adsorption. Overall, we propose the reaction mechanism of urea synthesis using co-reduction 

of N2 and CO2 on CuPc NTs with insignificant probability of NH3 formation. Also, we 

demonstrate that the possibility of HER is negligible and positive hydrogen free energy 

ensures the implausibility of hydrogen poisoning on CuPc.  
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Figure 5: (a) Demonstrates the full free energy profile of urea synthesis and hydrogen 

adsorption on Cu center (b) Represents the free energy diagram of hydrogen evolution 

reaction on active sites of CuPc. The Charge density difference analysis of COOH adsorption 

on Cu center of CuPc is shown in (c) Top view (d) Side view. The charge accumulation and 

depletion are represented by the yellow and cyan color region respectively (Isosurface value 

= 0.001). Dotted lines are guide to the eye. 

 

Conclusion: In summary, β-CuPc NTs has been proposed as an efficient electrocatalyst for 

co-reduction of mixed gas (N2 + CO2) to synthesize urea under ambient conditions. The CuPc 

NTs deliver a high FE 14.83 % at –0.3 V vs RHE and urea yield rate of 143.47 µg h
-1 

mg
-1

cat 

at potential of –0.6 V vs RHE in 0.1 M KHCO3 with good durability and long term stability. 

DFT calculation predicts that Pyridinic-N1 in CuPc is responsible for N2 reduction and metal 

centre plays an important role for CO2 reduction. Moreover, the possible co-reduction 

mechanism for urea synthesis is presented. This study not only provides us the co-reduction 

of N2 and CO2 gases using cost effective CuPc NTs catalyst with multiple actives sites for 
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urea synthesis, but also opens up a new pathway to the rational design of other transitional 

metal based electrocatalysts having multiple active sites for N2 and CO2 gas fixation 

applications. 
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