
HAL Id: hal-04704309
https://hal.science/hal-04704309v1

Submitted on 20 Sep 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Unraveling the oxidation kinetics through electronic
structure regulation of MnCo_2O_4.5@Ni_3S_2 p-n

junction for urea-assisted electrocatalytic activity
Sangeeta Adhikari, Stephan N. Steinmann, Maheswari Arunachalam, Soon

Hyung Kang, Do-heyoung Kim

To cite this version:
Sangeeta Adhikari, Stephan N. Steinmann, Maheswari Arunachalam, Soon Hyung Kang, Do-
heyoung Kim. Unraveling the oxidation kinetics through electronic structure regulation of
MnCo_2O_4.5@Ni_3S_2 p-n junction for urea-assisted electrocatalytic activity. Small, 2024,
�10.1002/smll.202311548�. �hal-04704309�

https://hal.science/hal-04704309v1
https://hal.archives-ouvertes.fr


1 
 

Unraveling the oxidation kinetics through electronic structure regulation of 1 

MnCo2O4.5@Ni3S2 p-n junction for urea-assisted electrocatalytic activity 2 

Sangeeta Adhikaria, Stephan N. Steinmannb*, Maheswari Arunachalamc, Soon 3 

Hyung Kangc, Do-Heyoung Kima* 4 

aSchool of Chemical Engineering, Chonnam National University, 77, Yongbong-ro, Buk-gu, 5 

Gwangju 61186, Republic of Korea 6 

bEcole Normale Supérieure de Lyon, CNRS, Laboratoire de Chimie UMR 5182, 46 allée d’Italie, 7 

F-69364 Lyon, France 8 

cDepartment of Chemistry Education, Chonnam National University, Gwangju 61186, Republic 9 

of Korea 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

*Corresponding authors:  25 

Professor Do-Heyoung Kim, kdhh@chonnam.ac.kr 26 

Dr Stephan N. Steinmann, stephan.steinmann@ens-lyon.fr 27 



2 
 

  28 

Abstract 29 

 30 

A promising strategy to boost electrocatalytic performance is via assembly of hetero-31 

nanostructured electrocatalysts that delivers the essential specific surface area and also active sites 32 

by lowering the reaction barrier. However, the challenges associated with the intricate designs and 33 

mechanisms remain underexplored. Therefore, the present study constructs a p-n junction in a free-34 

standing MnCo2O4.5@Ni3S2 on Ni-Foam. The space-charge region's electrical characteristics is 35 

dramatically altered by the formed p-n junction, which enhances the electron transfer process for 36 

urea-assisted electrocatalytic activity. The optimal MnCo2O4.5@Ni3S2 electrocatalyst resulted in 37 

greater OER electroactivity, delivering an overpotential of only 240 mV than pure systems. 38 

Remarkably, upon employing as UOR electrode the required potential decreases to 30 mV. The 39 

impressive performance of the designed catalyst is attributed to the enhanced electrical 40 

conductivity, greater number of electrochemical active sites, and improved redox activity due to 41 

the junction interface formed between p-MnCo2O4.5 and n-Ni3S2. There is strong indication that 42 

the in-situ formed extreme-surface NiOOH starting from Ni3S2 boosts the electrocatalytic activity 43 

by lowering the generation potential of the surface reconstructive active species. In consideration, 44 

this work presents a high-performance p-n junction design for broad use, together with a viable 45 

and affordable UOR electrocatalyst. 46 

 47 

Keywords: Density functional theory, p-n junction, Urea-assisted oxidation reaction.  48 
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 63 

Introduction 64 

Hydrogen is one of the cleanest sustainable energy carriers, which is critically needed to reduce 65 

fossil-fuel dependence and develop energy storage and conversion systems from other carbon-free 66 

renewable resources [1]. The reaction rate for the water splitting process is governed by the 67 

electron- and proton-transfer processes in the hydrogen evolution reaction (HER) and oxygen 68 

evolution reaction (OER), respectively, which are the half-cell reactions of the water splitting 69 

process. Unlike the one-electron involvement in HER, OERs undergo multiple charge-transfer 70 

processes that contribute to high overpotentials owing to the sluggish kinetics [2]. Thus, the 71 

development of more efficient OER electrocatalysts is a challenging task. Another interesting 72 

approach is to lower the operating potential via substituted oxidation reactions [3] using other 73 

components, such as methanol [4], urea [5], and hydrazine [6].  74 

Among these, urea is the most promising material as it is inexpensive, and the thermodynamic 75 

requirement of the urea-assisted oxidation reaction (UOR: CO(NH2)2 + 6OH- → 5H2O + N2 + CO2 76 

+ 6e-) is 0.37 V, which is significantly lower than the theoretical thermodynamic potential 77 

requirement of the OER, i.e., 1.23 V versus RHE [7]. The process also has the potential to treat 78 

urea-containing wastewater while generating “green” hydrogen [8]. Furthermore, UOR avoids the 79 

natural (thermal) conversion of urea into ammonia, which is harmful to the environment, as 80 

ammonia is a greenhouse gas [9]. Since, urea oxidation is a six-electron transfer process, the kinetics 81 

of the UOR is also sluggish, similar to the OER; therefore, it is necessary to develop an efficient 82 

electrocatalyst system for increasing the reaction rate by lowering the energy barriers for the 83 

catalytic processes [10]. Spinel cobaltite is a popular class of electrocatalysts as it has multimetallic 84 

centers that provide active oxidation states and promote electron transfer in the electrocatalytic 85 

system. Among them, the variants of manganese cobalt oxides (MnCo2O4, MnCo2O4.5, and 86 

CoMn2O4) have attracted the interest of the research community as OER electrocatalysts [11]. 87 

Despite the abilities of Mn and Co to provide rich valence states, the electrochemical properties 88 

are not truly excellent, and investigations pertaining to these systems are underdeveloped in 89 

comparison to other metal-oxide systems, even though there is plenty of literature on their 90 

excellent supercapacitor performances. To further boost the electrochemical catalytic activity, 91 

multi-electrocatalyst’s combination such as 3D MnCo2O4@CoS nanoarrays [12], MnCo2O4/h-92 

boron nitride [13], and Co3O4@MnCo2O4.5 nanocubes [14] is proven to be beneficial for performance 93 
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enhancement. Recently, construction of p-n junction is reported to have synergistic effect reducing 94 

the reaction activation energy through electronic structure modulation [15]. One of the works 95 

interestingly reports p-n junction constructed out of p-type Co3O4 and n-type Ni3S2 over Ni-foam 96 

which leads to excellent UOR activity due to the properties evolved from interface engineering [16]. 97 

Nickel based electrocatalysts have been very proactive as UOR medium due to high electroactivity 98 

and stability, as beautifully comprehended by Ma et al.[17]  To aid the above mentioned features, 99 

efficient nanostructure design can increase the material porosity that can speed up the mass 100 

transport further boosting the performance through more exposure of active sites.  101 

From this perspective, p-n junction with oxide-sulfide interface is reported to be beneficial for the 102 

conductivity of the ultimate catalyst [12, 18]. The aforementioned reasons are the foundation to 103 

develop p-n junction electrocatalyst composed of a 1D/2D MnCo2O4.5@Ni3S2 electrode on a self-104 

supported porous Ni-foam (NF) substrate. The p-n junction interface will have a space charge 105 

effect that will improve the electronic mass transfer and charge conduction properties improving 106 

the electrocatalytic performance. MnCo2O4.5@Ni3S2 electrocatalyst electrode displays potential 107 

OER activity thanks to the electron redistribution at the p-n junction interface, which benefits from 108 

the enhanced conductivity and high-density active sites. Exceptional improvement in 109 

electrocatalytic OER/UOR activity and strong stability can be realized with a low overpotential of 110 

240/30 mV and a small OER Tafel slope of 43 mV/dec in 1 M KOH solution. To the best of our 111 

knowledge, this is a pioneering study on this hybrid material, which offers an innovative and 112 

effective approach to create inexpensive, transition-metal-based electrocatalysts for both OER and 113 

UOR while achieving exceptional stable performance. 114 

 115 

Results and Discussion 116 

To understand the formation of p-n junction and recognize the synergistic properties delivered by 117 

MnCo2O4.5@Ni3S2 electrocatalyst system, ultra-violet photoelectron spectroscopy (UPS) 118 

measurements, Mott-Schottky (M-S) plots (derived from electrochemical impedance spectroscopy, 119 

Figure S2a, b) and UV-visible spectroscopy measurements were carried out at first to determine 120 

the charge transfer properties and energy band alignment. According to the curve, MnCo2O4.5 is a 121 

typical p-type semiconductor, whereas Ni3S2 indicates being an n-type semiconductor. Figure 1a 122 

shows the UPS spectra of the pristine MnCo2O4.5 (MCO) and Ni3S2-3 cycles (NS3) electrocatalyst. 123 

The Ecutoff (cutoff edge of the high binding energy value) derived from UPS measurements for the 124 
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pristine MCO and NS3 is observed to be 16.47 eV and 17.10 eV, respectively. With respect to the 125 

He excitation energy, the work function (Φ) values are 4.75 and 4.12 eV for MCO, and NS3 as per 126 

the following equation: Φ = hν – (Ecutoff – Ef); where hν is the excited photon energy from He Iα 127 

(21.22 eV) [19], Ecutoff is the intercept of the baseline, and Ef is the Fermi level of the calibrated 128 

spectrometer equating to 0 eV (Figure 1b). Additionally, the valence band maximum was 129 

determined using an energy threshold near Ef to indicate the energetic level of the located charge 130 

carriers, and the positions were at 0.42 eV for MCO and 1.7 eV for NS3 (Figure 1c). Consequently, 131 

the Fermi level of MCO and NS3 are calculated to be located at -4.75 and -4.12 eV versus vacuum 132 

level. Based on the Fermi level values, the valence band positions of MCO and NS3 were obtained 133 

to be -5.17 and -5.82 eV versus vacuum, respectively. The energy band gap of both the materials 134 

were derived from the Tauc plot as shown in Figure 1d (Figure S2c), which are 1.71 eV for MCO 135 

and 2.62 eV for NS3. The conduction band position is calculated to be -3.46 and -3.20 eV versus 136 

vacuum for MCO and NS3 correspondingly. Based on the above calculations, the energy diagram 137 

of both MnCo2O4.5 and Ni3S2-3 cycles is constructed. The Ef values of MnCo2O4.5 and Ni3S2 in 138 

noncontact circumstances clearly show a large difference. Due to the considerable Ef difference 139 

between MnCo2O4.5 and Ni3S2, which will produce a major energy-level shift, the MnCo2O4.5 and 140 

Ni3S2 p-n junction interface will form a strong space charge region upon close contact. Upon 141 

formation of space charge region at the MnCo2O4.5 and Ni3S2 p-n junction heterostructure interface, 142 

the electrons will be transported from n-type Ni3S2 to p-type MnCo2O4.5 until the Ef alignment 143 

resulting in band edge bending and energy-level shifting. In light of the foregoing, the self-driven 144 

electron transfer from Ni3S2 to MnCo2O4.5 will result in a local charge redistribution along the p-145 

n junction interfaces, which will cause electron loss on the Ni3S2 side and electron gathering on 146 

the MnCo2O4.5 side. Just as expected, the active centers that are more potent and carry efficient 147 

positive charges will be established at the Ni3S2 side, and the electrons derived from OH- will 148 

accelerate transfer to the VB of Ni3S2 in alkaline electrolyte, thereby promoting the OER catalytic 149 

activity. To sum up, p-n junction electrocatalyst can benefit in enhanced charge transfer through 150 

the built-in electric field and enhance the electrocatalytic reaction kinetics exhibiting higher 151 

performance than traditionally developed electrocatalyst systems. The heterostructure-type 152 

architecture in the p-n junction electrocatalyst can help in expanding the active surface area that 153 

not only upgrades the active interfacial sites but also contributes to faster electrochemical reactions 154 

due to modulated electronic properties. 155 



6 
 

Figure 1g illustrates the detailed procedures for the synthesis of the one-dimensional (1D) 156 

MnCo2O4.5 nanotips electrocatalyst on NF and electrochemical growth of the two-dimensional (2D) 157 

Ni3S2 nanosheets with MnCo2O4.5 nanotips acting as the core. First, during the hydrothermal 158 

processing of the MnCo-precursor on NF, the hydrolysis of CO(NH2)2 produces OH- and CO3
2-, 159 

which combine with the available Co2+ and Mn2+ metal ions to form the MnCo- precursor having 160 

the nanotips morphology grown on NF, followed by annealing to obtain the MnCo2O4.5 nanotips. 161 

On the other hand, an ecofriendly electrodeposition technique was adopted to grow the Ni3S2 162 

nanosheets at room temperature on both NF and 1D-MCO, in which the amounts of grown Ni3S2 163 

were controlled by the electrodeposition cycles. The as-prepared electrocatalyst electrodes were 164 

used as the working electrocatalyst electrodes with an exposed geometric area of 1 × 1 cm2. 165 

 166 

Figure 1. (a) Ultra-violet photoemission spectra (He I) of MnCo2O4.5 and Ni3S2, (b) the 167 

corresponding calculated work function (Φ) from the secondary electron cut off energy, (c) Energy 168 

threshold near Fermi level to derive the valence band maxima, (d) Tauc plot of MnCo2O4.5 and 169 

Ni3S2 using the UV-visible absorbance spectra, (e) Band energy diagram versus vacuum level of 170 

the p-type MnCo2O4.5 and n-type Ni3S2 before contact, (f) Formation of p-n junction between 171 
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MnCo2O4.5 and Ni3S2 after contact building an internal electric field promoting space charge 172 

transfer at interface zone, and (g) Schematic illustration of the fabrication of MnCo2O4.5 nanotips 173 

and p-n junction MnCo2O4.5@Ni3S2 architectures on Ni-foam substrate. 174 

 175 

Initially, the crystal phases of the as-prepared electrodes were investigated by X-ray diffraction 176 

(XRD) measurements. In the diffraction patterns, the commonly observed sharp peaks at 44.6° and 177 

51.9° are from the NF substrate (Figure 2a). From the XRD pattern of the grown MnCo2O4.5, the 178 

crystal phase is confirmed to be cubic (JCPDS No. 32-0297). Electrodeposition of Ni3S2 grown on 179 

the NF substrate or on MnCo2O4.5 does not affect the crystal phase of the core material, as can be 180 

seen in the XRD patterns (marked as ♣ in the MCONS3 sample), which confirms the absence of 181 

phase impurities. For reference, the XRD peak patterns obtained for Ni3S2 on NF for 1, 3, and 5 182 

cycle numbers are shown in Figure S3. The poorly crystalline Ni3S2 exhibits heazlewoodite-phase 183 

(JCPDS No. 44-1418). The major peaks of both MnCo2O4.5 and Ni3S2 are observed to overlap with 184 

each other.  The field-emission scanning electron microscopy (FESEM) and transmission electron 185 

microscopy (TEM) images demonstrate well hierarchical growth of Ni3S2 on MnCo2O4.5 on Ni- 186 

foam. The micrographs of the hydrothermally grown MnCo2O4.5 on NF substrate show 1D 187 

nanotip-like that are well interconnected, having vertical alignment on the NF (Figure S4a, b and 188 

Figure 2d). Figure S4a’ displays the energy dispersive X-ray spectroscopy (EDS) of MCO and 189 

the obtained elemental composition is close to the weight ratios of elements approximately. In the 190 

MCONS3, the good structural alignment is maintained after Ni3S2 deposition, and shows 2D 191 

nanosheets over the nanotips, making it a core-shell-type architecture (Figure 2b, c and Figure 192 

2f, g). For reference, Ni3S2 grown on MnCo2O4.5 for 1, 3 and 5 cycles are presented in Figure S4f-193 

h along with Ni3S2 grown on NF at various cycles (Figure S4c-e). The HRTEM image in Figure 194 

2e clearly shows the interplanar spacing to be 0.234 nm, which can be ascribed to the (222) plane 195 

arising from cubic crystal phase of the spinel MnCo2O4.5. In Figure 2h, the nanosheet edges are 196 

beautifully exposed, showing rough surface features and the inset shows the selected-area electron 197 

diffraction (SAED) pattern for the corresponding micrograph, revealing the polycrystalline nature 198 

of the prepared sample. The enlarged micrograph of the Ni3S2 nanosheet edge displays lattice 199 

fringes from the small particles on the nanosheet surface (marked in dotted line). These small 200 

particles are possibly Ni3S2 nuclei that self-assemble to form sheets during electrodeposition. The 201 

interspacings between the lattice fringes are measured to be 0.287 and 0.238 nm, matching with 202 
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the (110) and (003) crystal planes of Ni3S2, respectively (Figure 2i). The line scans obtained from 203 

scanning transmission electron microscopy (STEM) EDS analysis reveal the core to be composed 204 

of Mn, Co, and O, with distinct shelling from the Ni and S elements (Figure 2j). Additionally, the 205 

elemental distribution displays the elements Mn, Co, O, Ni, and S to have uniform distribution 206 

with high continuity for both the core and shell elements (Figure 2k).  207 

 208 
Figure 2.  (a) X-ray diffraction patterns for the MCO, MCONS1, MCONS3, and MCONS5 209 

electrodes; FESEM micrographs of (b-c) MCONS3. Typical TEM images of (d) MCO and (f-i) 210 

MCONS3 (h- inset shows the SAED pattern). HRTEM images of (e) MCO and (i) MCONS3. (j) 211 

STEM image and corresponding line scans, and (k) Elemental mapping micrographs of elements 212 

Mn, Co, O, Ni, and S in MCONS3 electrocatalyst. 213 

 214 

The obtained Brunauer-Emmett-Teller (BET) surface areas are 9.9, 0.45, and 11.5 m2 g-1 for MCO, 215 

NS3, and MCONS3 with pore diameter of 10.2, 21.0 and 9.3 nm, respectively. As observed in the 216 

figure, MCO and MCONS3 exhibit type-IV isotherms, indicative of the materials possessing 217 

mesoporous characteristics (Figure 3a). The chemical compositions of the prepared 218 
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electrocatalysts were detected by XPS, and the surveys of all three samples are presented in Figure 219 

S5. The binding energies of the elements Mn, Co, Ni, O, and S are referenced using the 284.8 eV 220 

peak corresponding to the adventitious carbon C 1s [20]. The Mn 2p spectrum in MCO resolves 221 

into two spin-orbit doublets Mn 2p3/2 and Mn 2p1/2 at binding energies of 642.1 and 653.7 eV, 222 

respectively. The individual Mn 2p3/2/Mn 2p1/2 doublet spectrum can be deconvolved to three 223 

peaks at 640.3/652.9 eV, 642.1/653.7  eV, and 644.6/654.9 eV appearing from the Mn2+, Mn3+, 224 

and Mn4+ oxidation states of Mn, respectively, with a satellite peak (marked as Sat. in Figure 3b) 225 

observed at 647.4 and 656.2 eV [11a, 21]. However, there is a negative shift in binding energy of 226 

MCONS3, indicating charge distribution at the interface. For the Co 2p3/2 core spectrum in MCO 227 

(Figure 3c), the characteristic peaks at binding energies of 779.9 and 781.4 eV arise from the Co3+ 228 

and Co2+ states negatively shifting to 779.5 and 791.2 eV, respectively, after electrodeposition of 229 

Ni3S2. In the Ni 2p spectrum of NS3, the two small peaks at 853.0 and 870.5 eV arise from the Ni0 230 

from the spin doublets Ni 2p3/2 and Ni 2p1/2, respectively. A sharp Ni2+ peak is observed for both 231 

doublets with their corresponding satellite peaks. Similar peaks are also observed in MCONS3 232 

with slight positive shifts. As per the O 1s XPS of MCO, the spectrum is deconvolved to three 233 

peaks, namely O1 (529.9 eV), O2 (531.0 eV), and O3 (532.1 eV), designated as metal-oxygen 234 

peaks arising from the oxygen in hydroxyl groups and from the adsorbed water molecules, 235 

respectively [22]. In contrary, the metal-oxygen bonds becoming weaker after Ni3S2 236 

electrodeposition (Figure 3e) [23]. As shown in Figure 3f, the sulfur in Ni3S2 exhibits three 237 

deconvolved peaks, in which the main peaks appear at binding energies of 162.7 eV and 163.8 eV 238 

corresponding to S 2p3/2 and S 2p1/2, respectively. A satellite peak at 168.5 eV is also observed 239 

marked as Sat. in the figure. Fourier transformed EXAFS data for Mn, Co and Ni K-edge from 240 

MCONS3 are displayed in Figure S5b-d. Individual elemental foils are being used as standard 241 

reference. The major peak at 2.33 Å in Mn foil appears from Mn-Mn coordination which is missing 242 

in  MCONS3 indicating atomic dispersion of Mn [24]. Peaks at 1.0 and 1.5 Å is due to Mn-O (from 243 

MnO6 octahedra) and broad peaks at around 3.0 Å arises from the corner shared Mn [25]. It can be 244 

inferred that octahedral and tetrahedral sites in spinel are randomly occupied by Mn element [26]. 245 

The first contributions around 1.5 Å is the interatomic distance between Co ions and oxygen atoms 246 

possibly with a shoulder peak in left from Co scattering present at tetrahedral sites [27] [28]. Similar 247 

observations are found in Mn-based spinel ferrite systems [26]. The Ni EXAFS spectra in the K-248 

edge shows main peak at 1.85 Å which is indicative of the Ni-S coordination with absence of Ni-249 
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Ni (appears at around 2.18 Å ) [29] and presence of oxides at lower radial distance at 1.5 Å (Figure 250 

S5d). Upon literature comparison, it could be believed that the Ni-S bonds in MCONS3 are shorter 251 

in comparison to pristine Ni3S2, which increases the Ni coordination number producing more Ni-252 

S bonds [29-30].  253 

 254 

Figure 3. (a) Nitrogen adsorption–desorption isotherms of MCO, NS3, and MCONS3 (inset figure 255 

presents the corresponding pore-size distribution curves); high-resolution XPS data of (b) Mn 2p, 256 
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(c) Co 2p, and (d) O 1s in MCO and MCONS3; and high-resolution XPS data of (e) Ni 2p and (f) 257 

S 2p in NS3 and MCONS3. 258 

The electrocatalytic activities of the as-prepared electrocatalyst are investigated using a three-259 

electrode setup at room temperature in the presence of 1.0 M KOH aqueous electrolyte (Figure 260 

4a). Since the CV curves for the forward bias exhibit surface oxidation peaks, backward CV curves 261 

were considered for calculating the overpotentials of the prepared electrocatalysts as per equations 262 

(1) and (2) given in supporting information. The p-n junction MCONS3 catalyst exhibits the best 263 

OER electrocatalytic activity with the smallest overpotential of 240 mV at a current density of 10 264 

mA/cm2. The obtained overpotential is much lower than those of the pristine MCO and NS3. It is 265 

worth mentioning that MCONS3 requires the lowest overpotentials of 240, 330, and 410 mV to 266 

reach 10, 50, and 100 mA/cm2 current densities, as shown in Figure S6a. The MCONS3 also 267 

shows the smallest Tafel slope of 43 mV/dec compared to MCO and NS3 (Figure 4b and 4c). It 268 

is worth mentioning that with increase in the Ni3S2 nanosheets grown on the MnCo2O4.5 nanotips, 269 

the catalytic activity is hindered possibly owing to overgrowth resisting the charge-transfer 270 

pathways despite junction formation [31], which is evident from the increases in both overpotential 271 

and Tafel slope values. In general, the Tafel slope values are critical indicators of the types of 272 

catalytic mechanisms, followed by the electrocatalyst. In the present study, the Tafel slope values 273 

for MCONS3 is between 40 and 60 mV/dec, which is indicative of the O-O bond formation being 274 

the rate-limiting step during OER electrocatalysis [32]. Another important feature was to understand 275 

the optimized electrode’s and electrolyte affinity to have a better picture of solid-liquid interaction. 276 

Thus, characteristics of the electrode surface was understood from the wettability behavior (contact 277 

angle measurement of a water droplet on the electrode’s surface) , where comparison between bare 278 

Ni-foam and MCONS3 was conducted, and the recorded optical photographs are shown in Figure 279 

S6b. As observed in the images, the contact angle of the droplet on bare Ni-foam was about ≈114o, 280 

indicating hydrophobic property of Ni-Foam’surface. In contrast, the water droplet on MCONS3 281 

electrode is quickly absorbed suggesting a superhydrophilic behavior of the electrode’s surface. 282 

Such property is extremely beneficial in improvising the electrocatalytic performance. To further 283 

understand the enhanced electrochemical activity of MCONS3, the double-layer capacitance (Cdl) 284 

data were used to obtain the electrochemical surface areas (ECSAs). It is one of the important 285 

aspects that influences the electrocatalytic efficacy which is proportional to the magnitude of Cdl. 286 
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The corresponding ECSAs are 52, 70.75, and 168.75 per cm2 for the NS3, MCO and MCONS3 287 

electrocatalyst electrodes (Figure S7 and Figure 4d). The morphological evolution of the 288 

prepared electrocatalysts should also be the source of this increasing ECSA for MCONS3 289 

electrocatalyst. These results prove that the Ni3S2 shell over MnCo2O4.5 has synergistic effects in 290 

improving the activity through the exposed active sites, as also confirmed from the BET and SEM 291 

results. An abundance of active sites and accelerated electron transfer could be provided by this 292 

kind of structural feature, improving the OER properties. To further support the results, EPR 293 

results of MCO and MCONS3 are reported in Figure S7d which very well shows that there is a 294 

synergy between MCO and NS3 in comparison to MCO. Although, the signal in MCO is 295 

characteristics of the oxygen vacancy in the system, but an increase in the characteristic intensity 296 

of MCONS3 suggests enhancement in the oxygen vacancy which could be the possible reason for 297 

promotion of the catalytic activity. The intrinsic activities were determined by normalizing the 298 

current densities with the obtained ECSA values (Figure 4e). The obtained intrinsic activity for 299 

MCONS3 is retained much higher than those of MCO and NS3 electrocatalyst electrodes after 300 

normalization. The intrinsic activity of the MCONS3 electrocatalyst is greatly increased by tuning 301 

the electronic structure more effectively through active interfacial sites by the use of such a 3-D 302 

architecture. To gain further insight into the catalytic properties, the mass activities of MCO, NS3, 303 

and MCONS3 were compared at an overpotential of 240 mV (1.47 V vs. RHE). As observed in 304 

Figure 4f, the mass activities of the electrocatalysts MCO, NS3, and MCONS3 at 1.47 V vs. RHE 305 

are 2.88, 3.17, and 8.92 A/g, respectively. The activity of MCONS3 is 3.09 and 2.81 times higher 306 

than those of MCO and NS3, respectively, suggesting that the Ni3S2 shell on MnCo2O4.5 enhances 307 

the interfacial active sites through the formed p-n junction interface which promotes the OER 308 

activity.  309 
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 310 

Figure 4. Electrocatalytic activities of various catalysts towards OER process measured in 1.0 M 311 

KOH electrolyte (without iR calibration). (a) Comparative CV curves of the NS, MCO, and 312 

MCONS catalyst series; (b) Tafel slopes corresponding to the CV curves in (a); (c) overpotential 313 

comparison at 10 mA/cm2 and Tafel slopes obtained from (a) and (b); (d) capacitive Δj (Δj = ja-314 

jc/2) versus the scan rates for the catalysts; (e) ECSA-normalized current densities (inset shows the 315 

corresponding ECSA values of 1.NS, 2.MCO, and 3.MCONS3); (f) Mass activities at an 316 

overpotential of 1.47 V vs. RHE; (g)  Nyquist plots of all the prepared electrocatalyst electrodes; 317 

(h) comparison of calculated and experimentally measured oxygen and hydrogen gases and 318 

faradaic efficiencies; (i) stability tests of the MCONS3 electrocatalyst electrode towards OER. 319 

 320 

The Nyquist plots (Figure 4g) display that the charge transfer resistance (Rct) for MCONS3 was 321 

8.01 Ω, which is much smaller than those of the other electrocatalysts representing faster charge 322 

transfer in the MCONS3 catalyst. Apart from the comparative study, Nyquist plots of optimized 323 

MCONS3 at different overpotentials can be the key in justification of OER kinetic process (Figure 324 
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S8a).  As the overpotential rises, the impedance resistance arc shrinks meaning decrease charge-325 

transfer resistance. Consequently, it is commonly accepted that the rate-determining step of OER 326 

processes is the relaxing of the adsorbed intermediates on the surface of the optimized 327 

electrocatalyst as also evident from the EIS results [33]. The oxygen and hydrogen gas evolution 328 

rates along with faradaic efficiency were measured using gas chromatography (Figure 4h). As 329 

observed, the amounts of H2 and O2 gas evolution rates at 20 mA/cm2 current density were 28 and 330 

16 µmol and that the faradaic efficiency was >98% during different reaction intervals. Surprisingly, 331 

the MCONS3 electrode exhibited excellent durability with negligible current decay for more than 332 

50 h at 1.47 V vs. RHE, as presented in Figure 4i. The spent electrode shows a shift of about 20 333 

mV in the CV curves with a near-identical shape of the curve (Figure S8b) indicating possible 334 

deterioration of the thin Ni3S2 nanosheets decreasing the accessible electroactive sites. The post-335 

stability characterizations of MCONS3 electrode were carried out using FESEM, XRD and XPS 336 

(Figure S9-S11) which revealed that the morphology was well retained with no new diffraction 337 

peaks and all elements integrally present in the electrocatalyst. The MCONS3’s performance was 338 

compared with other reported Mn, Co, Ni based oxide and sulfide systems (in Table S1).  339 

 340 

The electrochemical UOR for the optimized electrocatalyst MCONS3 electrode was investigated 341 

in a three-electrode setup in 1 M KOH electrolyte with 0.33 M urea and compared with the OER 342 

performance (Figure 5a). The potential required to achieve 10 mA/cm2 is 1.26 V vs. RHE, which 343 

is much smaller than the OER catalytic activity (1.47 V vs. RHE) and also in comparison to MCO 344 

and NS3 (Figure S12). It can be anticipated that the lower potential requirement for UOR 345 

favorably eases the electrochemical process at the anode in lieu of OER catalysis. The UOR 346 

electrocatalytic performance further increases with increasing molar concentration of the 347 

electrolyte to 6 M KOH, as observed in Figure 5b. For attaining a current density of 100 mA/cm2, 348 

the potential required was 1.4 V vs. RHE. At the same potential, the current density achieved with 349 

6 M KOH + 0.33 M urea was 480 mA/cm2, which was Δ= 380 mA/cm2 higher, satisfying the basic 350 

criterion for UOR industrial application. These results indicate that the UOR process can boost the 351 

production of energy-saving H2 at relatively lower potentials. The differences in potentials for both 352 

UOR and OER processes are clearly evident in Figure 5c. For real-time implications, 353 

concentration-dependent studies were performed, which indicates that the current density increases 354 

with increase in urea concentration (Figure 5d). While the OH- ions are crucial to urea oxidation 355 
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events at the interface, they protect against CO poisoning brought on by these processes. Because 356 

of this, the electrode surface is automatically cleaned, thereby preventing surface CO fouling by 357 

conversion to CO2 molecules. The influence of scan rates studies  (Figure S13) reveal that the 358 

reduction peak current shows a potential shift almost linearly with respect to the scan rate, as have 359 

been observed in other material systems [34]. Figure 5e display a staircase voltage curve with 360 

respect to the current density under both UOR and OER conditions, and with each alteration in the 361 

current density, the potential becomes instantly flat and remains approximately stable for the rest 362 

of the duration. Furthermore, the long-term stability MCONS3 electrode under UOR processing 363 

was tested and evaluated by the multistep chronoamperometry method with applied potentials of 364 

1.26, 1.32, and 1.41 V vs. RHE (Figure 5f). The prepared electrode showed unobvious fluctuations 365 

of ± 3, ± 5, and ± 7.5 mA/cm2 current densities at the corresponding potentials, which implies 366 

excellent stability of the electrocatalyst electrode. The studies also demonstrate that the 367 

electrocatalyst is highly stable under alkaline conditions while delivering significant UOR 368 

performance. In addition, the amount of hydrogen evolved during the UOR electrochemical 369 

process was evaluated (Figure 5g), and the amount of hydrogen evolution was found to be 42 370 

µmol at 20 mA/cm2 current density, which is obviously greater than the H2 produced by the OER 371 

process.  372 

The post-characterizations (XRD, SEM, TEM, and XPS) for the spent MCONS3 electrode after 373 

50 h of UOR process were conducted (Figure S10, S14, S15 and Figure 5h) reveals formation of 374 

a few nanometers of amorphous layer via TEM that could have formed owing to surface 375 

reconstruction and transformation into metal oxyhydroxide layer, likely NiOOH  [35], which was 376 

later confirmed in XPS. The UOR performance of the prepared electrocatalyst MCONS3 electrode 377 

is also compared with other reported Mn, Co, and Ni based oxide and sulfide systems (Figure 5i), 378 

which show that the present overpotential outperforms most of the UOR electrocatalysts (the 379 

electrochemical activity details are summarized in Table S2). Finally, a full cell experiment with 380 

MCONS3 || MCONS3 was conducted and the operating voltage required overall water splitting is 381 

about 1.49 V to reach current density of 10 mA/cm2, whereas 1.28 V with the same current density 382 

is required for urea electrolysis, respectively. By using constant current rates of 50 mA/cm2, the 383 

cell voltage of 1.65 and 1.49 eV was achieved initially, which increased to 1.70 and 1.51 V, after 384 

50 h of electrochemical water splitting and urea electrolysis, respectively as shown in the 385 

chronopotentiometry examination (Figure S16) indicating excellent durability with negligible loss.   386 
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 387 

 388 

 389 

Figure 5. (a) Comparative OER and UOR (0.33 M Urea) with electrocatalyst MCONS3 electrode; 390 

(b) UOR performance with electrocatalyst MCONS3 electrode in 0.33 M + 1 M and 6 M KOH 391 

electrolyte; (c) comparative overpotentials for OER and UOR (0.33 M urea + 1 M KOH 392 

electrolyte); (d) effects of urea concentration (0.01, 0.05, 0.1, 0.33, and 0.66 M urea) on UOR 393 

performance in 6 M KOH electrolyte; (e) chronopotentiometry at different current densities versus 394 

time for OER and UOR with electrocatalyst MCONS3 electrode (0.33 M urea + 1 M KOH 395 

electrolyte); (f) stability tests of MCONS3 electrocatalyst electrode toward UOR in 1 M KOH 396 

electrolyte for 50 h @1.26 V, @1.32 V, and @1.41 V vs. RHE; (g) comparison of calculated and 397 

experimentally measured hydrogen gas with MCONS3 and Pt mesh electrode in 1 M KOH 398 

electrolyte with 0.33 M urea; (h) SEM image of MCONS3 after 50 h UOR stability test; (i)         399 

comparison of UOR potentials at 10 mA/cm2 for various reported Mn, Co, and Ni based oxide and 400 

sulfide materials along with p-n heterojunction systems. 401 
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To gain some insights into the benefits of MnCo2O4.5@Ni3S2 compared to its two pure components, 402 

we performed density functional theory (DFT) computations. MCO was modeled as a defective 403 

bulk derived from MnCo2O4, i.e., as Mn7Co14O32, i.e, MnCo2O4.57. The corresponding surface 404 

structure (010) was obtained from cleaving the constructed bulk. Both processes (introduction of 405 

defects and cleaving direction) were performed so as to minimize the energy of the resulting 406 

system. The structure of Ni3S2 was retrieved from Fleet, and the low-energy (110) surface was 407 

used. Finally, the model for MnCo2O4.5@Ni3S2 consists of a 2×1 unit cell of the MCO (010) 408 

surface covered by a 3×2 Ni3S2 (110) surface to minimize lattice mismatches. Based on these 409 

structural models, the minimal OER mechanisms involving three typical intermediates (OH*, O*, 410 

and OOH*) were investigated (Figure 6a). Since the initial adsorption of water on MCO was very 411 

exothermic, the surface is saturated with water molecules before computing the reaction profile 412 

(Figure 6b-c). As can be seen, MCO (blue lines) is expected to be an active OER catalyst: its onset 413 

potential is predicted to be around 1.4 V vs. RHE, with the oxidation of OH* to O* being the 414 

limiting step. In contrast, owing to the strong stabilization of O* on Ni3S2, this material is predicted 415 

to be subjected to surface oxidation, likely leading to NiOOH, a known OER catalyst. The same 416 

applies to MnCo2O4.5@Ni3S2 (orange line), where O* is even more strongly bound due to the 417 

lattice-mismatch-induced surface roughness of this catalyst. We explored this surface oxidation by 418 

adding more and more oxygen until further oxidation was not favorable anymore. Accordingly, 419 

we derived the surface model shown in Figure 6d-e. The corresponding OER reaction profile is 420 

shown in dark red in Figure 6a. We note that even on this highly oxidized surface, OH* is still 421 

exothermic while the formation of OOH* is incremental. By combining these two observations, 422 

there is strong indication that the experimentally observed OER activity may be due to in-situ 423 

formed extreme-surface NiOOH starting from Ni3S2 
[36] [37]. Therefore, the role of each component 424 

in our p-n junctioned OER catalyst can be considered as follows: the NF provides mechanical 425 

stability and high electrical conductivity. Growing MCO over NF significantly increases the 426 

surface area and improves mass transport. Finally, the electrodeposition of Ni3S2 generates the 427 

precursor for a highly active NiOOH-like catalyst at the surface with a very high specific surface 428 

area. 429 

 430 
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 431 

Figure 6. (a) OER reaction profile at 1.23 V vs. RHE on MCO (dark blue), Ni3S2 (teal), bare 432 

MnCo2O4.5@Ni3S2 (orange), and surface-oxidized MnCo2O4.5@Ni3S2 (dark red). (b) and (c) show 433 

side and top views of the structural model of MCO in water, while (d) and (e) show the side and 434 

top views of the structural model of the surface-oxidized MnCo2O4.5@Ni3S2. 435 

 436 

Conclusion 437 

In summary, the designed MnCo2O4.5@Ni3S2 p-n junction electrocatalyst exhibited enhanced 438 

electrochemical reactions and durability owing to the strong interfacial space charge region formed 439 

at p-n junction and additional support from the built-in-field promotes the electron transport with 440 

high stability. Under alkaline conditions, the lowest required overpotential for the OER and UOR 441 

were 1.47 V and 1.26 V vs. RHE at 10 mA/cm2 current density and long term stable reactions till 442 

50 h could be achieved.  The electrocatalyst post-stability were observed partial composition 443 

changes. The in-situ formed amorphous NiOOH layer on the surface of Ni3S2 promotes the 444 

electrocatalytic activity as confirmed from DFT and post-TEM study. The high-efficiency 445 

heterogeneous electrocatalyst design not only hastens the sluggish OER kinetics but also 446 

accelerates the UOR process, potentially providing the means to solve the energy crisis and urea-447 

contaminated wastewater treatment problems.  448 
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