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12 ABSTRACT

13 Urea oxidation-assisted hydrogen production provides an energy-efficient and sustainable 

14 alternative to conventional water electrolysis by significantly reducing the required cell voltage. 

15 However, developing bifunctional catalysts with high activity, long-term stability and 

16 bifunctionality remains an ongoing challenge. Here, the electronic structure of NiO/Ni is precisely 

17 modulated through molybdenum (Mo) incorporation, enabling simultaneous enhancement of the 

18 hydrogen evolution reaction (HER) and urea oxidation reaction (UOR). The resulting Mo-NiO/Ni 

19 catalyst, obtained via a simple electrodeposition followed by annealing approach, exhibits 

20 outstanding activity and durability, requiring cell voltages of 1.33 and 1.62 V to achieve 10 and 

21 100 mA·cm-2, respectively, for overall urea electrolysis, which are 170 and 200 mV lower than 

22 those of overall water electrolysis under the same conditions. Density functional theory (DFT) 

23 calculations reveal that Mo doping optimizes the electronic configuration of NiO/Ni, lowers the 

24 activation barrier of urea dehydrogenation and approached thermoneutral hydrogen adsorption. 

25 This work demonstrates an effective electronic structure engineering strategy for designing 

26 efficient bifunctional catalysts toward low-energy hydrogen production coupled with urea 

27 degradation.
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28 1. INTRODUCTION 

29 Urea-assisted water splitting is emerging as an efficient and sustainable strategy for green 

30 hydrogen production.(1) Compared with conventional steam reforming and coal gasification, 

31 electrocatalytic water splitting offers advantages of zero carbon emissions, high product purity, 

32 and low cost.(2) Replacing the sluggish, high-potential oxygen evolution reaction (OER, 1.23 V) 

33 with the UOR, (0.37 V vs. RHE) can markedly reduce the energy input required for hydrogen 

34 generation.(3-9) However, the complex six-electron-transfer pathway and multiple intermediates 

35 in UOR still limit practical urea-assisted H2 production, (6, 10, 11) highlighting the need for highly 

36 active bifunctional electrocatalysts to overcome kinetic barriers and enable efficient hydrogen 

37 generation.

38 Noble-metal catalysts such as Pt, IrO2, and RuO2 exhibit excellent intrinsic activity toward 

39 both HER and UOR. However, their high cost, scarcity, and limited long-term stability severely 

40 hinder large-scale deployment in sustainable hydrogen production.(12-14) Consequently, 

41 intensive efforts have focused on developing efficient, naturally occurring, inexpensive metal-

42 based catalysts, particularly bifunctional systems for HER and UOR. To date, a variety of cheap 

43 transition composed of metal catalysts (oxides, hydroxides, sulfides, nitrides, selenides, 

44 phosphides, etc.) are currently explored for water and electrolysis.(15-20) Among these, 

45 heteroatom doping has proven especially effective, as it can modulate the d-band center, increase 

46 the density of states adjacent the Fermi level, and thereby optimize intermediate adsorption and 

47 electron transfer.(21, 22). Constructing nitride-hydroxide and oxides heterostructure such as NiFe-

48 LDH/Ni3N and NdNiO-NiO interfaces, as well as introducing C-doping into NiO have been 

49 demonstrated to enhance electrochemical performance by facilitating charge transfer, promoting 

50 active NiOOH formation and modulating local coordination environments.(23-25) For instant 
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51 Zhao et al. constructed a NiFe-LDH/Ni3N heterostructure that enables rapid electron transfer and 

52 stabilizes active NiOOH species, markedly improving the HER and UOR efficiency. Their 

53 findings emphases the importance of nitride-hydroxide interfacial coupling in tuning electronic 

54 structure and enhancing catalytic performance.(23) Rao et al. designed a NdNiO3-NiO 

55 heterostructure interface that promotes charge redistribution and accelerates NiOOH formation, 

56 significantly enhancing UOR activity.(24) Kou et al. indicated that C-doped NiO might alter the 

57 local structure of NiO and diminish the Ni coordination number, hence enhancing H* 

58 adsorption.(25) In addition, Ni, Co, and Mo-based compounds are widely investigated HER/UOR 

59 catalysts due to their suitable electronic configurations, natural abundance, and low cost. (6, 26-

60 30) Inspired by these insights, incorporating foreign atoms into transition metal oxides offers a 

61 practical strategy to optimize their electronic structure for bifunctional electrocatalysis, 

62 nevertheless, Mo-doped NiO/Ni interfaces designed as truly bifunctional catalysts for both HER 

63 and UOR, supported by combined experimental and DFT evidence of Mo-induced electronic 

64 modulation, remain largely underexplored.

65 In this work, we report a molybdenum-doped NiO/Ni (Mo-NiO/Ni) bifunctional 

66 electrocatalyst grown on nickel foam (NF) by simple electrodeposition followed by annealing. 

67 Unlike bulk Ni-Mo-O/NiMoOx catalysts (e.g., NiMoO4/NiMoOx), our material is a Mo-doped 

68 NiO/Ni interfacial architecture where Mo primarily acts as an electronic modulator of the NiO/Ni 

69 interface rather than forming a separate mixed-oxide phase.(31-33) By incorporating Mo to tune 

70 the electronic structure at the NiO/Ni interface, the catalyst is designed to efficiently promote both 

71 the HER and the UOR in alkaline media using only earth-abundant, low-cost components. 

72 Importantly, it can deliver 10 and 100 mA·cm-2 at 1.33 and 1.62 V under two-electrode 

73 configuration for urea electrolysis, respectively, which are superior as compared to overall water 
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74 splitting 1.5 V and 1.82 at 10 and 100 mA·cm-2. We propose that Mo incorporation tailors the local 

75 coordination and charge distribution, improving conductivity, increasing the density of accessible 

76 active sites, approaching thermoneutral hydrogen adsorption, and lowering the energy barrier for 

77 urea dehydrogenation, thereby enabling urea electrolysis at reduced cell voltages with sustained 

78 long-term stability.

79 2. RESULTS AND DISCUSSION

80 2.1. Synthesis and characterization

81 The Mo-NiO/Ni catalyst was fabricated through a one-step electrodeposition strategy as 

82 depicted in Figure 1a, followed by annealing in Ar/H2 atmosphere at 450 °C for 2 hours. Unless 

83 otherwise stated, all electrodes were prepared on identical NF pieces (1 × 1 cm2) using the same 

84 electrodeposition parameters (-3 V, 20 min) and the same exposed geometric test area (0.25 cm2), 

85 ensuring direct comparability. NiO/Ni were synthesized using the same technique but without 

86 adding dopant source. The crystalline structure of the prepared samples was characterized using 

87 X-ray diffraction (XRD) technique. As shown in Figure 1b, all the diffraction peaks of both 

88 samples attribute to NiO (JCPDS card No. 71–1179) with no impurity phases detected (e.g., 

89 crystalline NiMoO4/NiMoOx). The reflections from the Ni foam substrate are also present but are 

90 not labeled for clarity, the peaks from the deposited layer are indexed to NiO. The microstructures 

91 of both samples were studied using field-emission scanning electron microscopy (FESEM), 

92 transmission electron microscopy (TEM), and high-resolution TEM (HRTEM). FESEM images 

93 of pristine NiO/Ni Figure S1 displays a relatively smooth and compact morphology composed of 

94 loose nanoparticles, indicating limited surface roughness and lower porosity. In contrast, the Mo-

95 NiO/Ni catalyst exhibits a markedly different surface architecture characterized by highly rough 

96 nano particles as shown in Figure 1c,d. This structural evolution suggests that the introduction of 
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97 Mo atom alters the nucleation and growth behavior. The TEM images of Mo-NiO/Ni further reveal 

98 the densely packed nanoparticles as depicted in Figure 1e,f, confirming their intimate interfacial 

99 contact. This structure revealed in TEM is expected to provide abundant exposed active sites, 

100 enhanced ion diffusion and improved electrical conductivity. The high-resolution TEM (HRTEM) 

101 image of Mo-NiO/Ni in Figure 1g displays lattice fringes with interplanar spacings of 0.22 and 

102 0.21 nm, consistent with the (111) and (200) planes of NiO, respectively, in good agreement with 

103 the XRD results. Moreover, the energy-dispersive spectroscopy (EDS) mapping in Figure 1h 

104 confirms a uniform elemental dispersion of Nickel (Ni), molybdenum (Mo) and oxygen (O) 

105 throughout the nanoparticles, highlighting the effect of Mo doping with NiO/Ni. The Raman 

106 spectra demonstrate clear Mo-induced modifications in the NiO lattice as depicted in Figure S2. 

107 The Mo-NiO/Ni sample shows a strong band near 900-1000 cm-1 and enhanced features at 400-

108 700 cm-1, correspondingly to Ni-O-Mo interactions consistent with Ni-O-Mo bonding from highly 

109 dispersed/amorphous Mo-O species, rather than a bulk NiMoOx phase. These changes indicates 

110 that Mo doping alters the local bonding, lattice symmetry and defect structure, thereby tuning the 

111 material redox and catalytic properties.(34)
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112

113 Figure 1. (a) Schematic diagram for the synthesis of the Mo-NiO/Ni catalyst. (b) XRD analysis. 

114 (c,d) SEM. (e,f) TEM. (g) HRTEM analysis. (h) Element mapping.

115 X-ray photoelectron spectroscopy (XPS) of NiO/Ni and Mo-NiO/Ni were analyzed to 

116 discover the influence of Mo-doping on the electronic configuration of NiO/Ni. XPS survey 

117 spectrum of Mo-NiO/Ni validates the existence of Ni, O and Mo, while the NiO/Ni confirm the 
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118 presence of Ni and O as illustrated in Figure S3. The high-resolution Ni 2p spectra shows that the 

119 peaks located at 852.4 and 868.3 eV are assigned to Ni0, while the peaks located in 855.82 and 

120 873.46 eV with satellite peaks are ascribed to the Ni2+ as shown in Figure2a.(35) Notably, the Ni 

121 2p binding energies in Mo-NiO/Ni shift positively by 0.47 eV, which confirm that Mo doping have 

122 make changes to the electronic structure of NiO/Ni. This shift supports interfacial electronic 

123 modulation by Mo doping rather than formation of a separate bulk Ni-Mo-O (NiMoOx) phase. The 

124 O1s spectrum exhibit lattice oxygen (530.86 eV) and surface-adsorbed oxygen/ hydroxyl 

125 component (532.83 eV), indicating defect concentration in Mo-NiO/Ni as depicted in Figure 

126 2b.(36) The high‑resolution Mo 3d spectrum Figure 2c demonstrates the simultaneous presence 

127 of Mo5+ and Mo6+ oxidation states in the Mo-NiO/Ni interface. The observed peaks at 229.9 eV 

128 and 233.1 eV correspond to Mo5+, while those at 232.3 eV and 235.5 eV are assigned to Mo6+ 

129 components.(37) In the C 1s XPS spectra shows three characteristics carbon components C-C at 

130 284.8 eV, C-O-C at 285.4 eV and C=O at 288.4 eV as illustrated in Figure 2d. Both NiO/Ni and 

131 Mo-NiO/Ni exhibits these peaks, indicating typical surface carbon species from air exposed or 

132 synthesis residues.(38) Such mixed‑valence behavior reflects electronic coupling between Mo and 

133 Ni species, which may contribute to enhanced charge transport and catalytic activity. Collectively, 

134 these XPS results validate the successful incorporation of Mo into the NiO/Ni lattice and reveal 

135 related electronic and local structural modulation features that are conducive to enhanced 

136 bifunctional HER and UOR electrocatalysis.
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137

138 Figure 2. High resolution XPS spectra of (a) Ni2p, (b) O 1s (c) Mo 3d and (d) C 1s.

139 2.2 Electrochemical study of HER

140 To evaluate the impact of Mo doping on the polarization curves of NiO/Ni, the HER 

141 activity of the as-prepared catalysts was initially assessed employing a distinctive three electrode 

142 configuration in 1 M KOH. The Hg/HgO electrode served the reference, while the graphite rod 

143 was used as the counter electrode. Linear sweep voltammetry (LSV) was performed at a scan rate 

144 of 5 mV·s-1 to examine the electrocatalytic performance. To identify the optimal catalyst, we 
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145 investigated the effect of annealing temperatures on catalytic activity. Samples annealed at 400 

146 °C, 450 °C and 500 °C were evaluated on their HER performance and electrochemical impedance 

147 spectroscopy (EIS) measurements as illustrated in Figures S4. Among them the catalyst annealed 

148 at 450 °C has the best HER activity. For comparison, the electrocatalytic activity of commercial 

149 Pt-C catalyst and blank NF has been analyzed. Moreover, the LSV curves of the prepared catalyst 

150 were measured as illustrated in Figure 3a. Notably, blank NF exhibited no electrocatalytic 

151 performance, whereas the Mo-NiO/Ni shows the better HER performance. As shown in Figure 

152 S5, the Mo-NiO/Ni only affords the overpotential of 51, 89, and 113 mV at current densities of 

153 10,50, and 100 mA·cm-2, respectively, which are much lower than those of NiO/Ni (97, 185 and 

154 228 mV, respectively). Meanwhile, the 𝜂10 of Mo-NiO/Ni could also be compared to several 

155 recorded transition metals oxide catalysts in alkaline medium as depicted in Table S1. Specifically, 

156 as revealed in Figure 3b, the Tafel slope of Mo-NiO/Ni is (45 mV·dec-1), which is much smaller 

157 than that of NiO/Ni (87 mV·dec-1) indicating the favorable HER kinetics. Electrochemical double-

158 layer capacitance (Cdl) was measured to estimate the electrochemical active surface area (ECSA) 

159 of Mo-NiO/Ni and NiO/Ni from CV’s measurements as depicted in Figure S6. As shown in 

160 Figure 3c, the calculated Cdl for Mo-NiO/Ni and NiO/Ni is 104 and 46 mF·cm-2 respectively, 

161 suggesting an increased electrochemically accessible interface, however, Cdl derived ECSA is only 

162 a qualitative proxy on porous/self-reconstructing NF electrodes and is therefore used here mainly 

163 for relative trend comparison. To verify the validity of the Cdl derived ECSA estimation, Cdl was 

164 measured in triplicate using independently prepared Mo-NiO/Ni electrodes under identical 

165 conditions, yielding 105, 104 and 105 mF cm-2 (average 104.7 mF·cm-2), confirming excellent 

166 reproducibility of the Cdl (and hence ECSA) values (Figure S7). The HER kinetics of Mo-NiO/Ni 

167 and NiO/Ni were evaluated by EIS. The spectra were fitted with a modified Randles circuit: L - 
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168 Rs - (Rct ∥ CPEdl) - (Rads ∥ CPEads).(39) Here, Rs is the solution resistance, Rct is the charge-transfer 

169 resistance, CPEdl represents the non-ideal double-layer capacitance, and Rads ∥ CPEads accounts for 

170 the low-frequency adsorption/desorption-related relaxation. The series L term reflects high-

171 frequency inductive effects from instrumentation. The Nyquist plots of Mo-NiO/Ni sample exhibit 

172 a smaller Rct (6.6 Ω) than the NiO/Ni sample (393 Ω), Pt-C (21.5 Ω) and Ni foam (431 Ω), 

173 indicating that the Mo doping could considerably increase NiO/Ni charge transfer, as shown in 

174 Figure 3d. We note that Rct on 3D porous NF electrodes is an apparent, model-dependent 

175 parameter, therefore, we interpret the large Rct decrease as a robust indicator of faster interfacial 

176 charge transfer only when consistent with the simultaneous improvements in overpotential, Tafel 

177 slope, and stability. The current density was adjusted by the ECSA to evaluate the intrinsic 

178 HER activity of the catalysts. As shown in Figure S8, the normalized polarization curves exhibit 

179 best HER performance of Mo-NiO/Ni. The findings propose that Mo doping boosts NiO/Ni 

180 intrinsic HER activity and catalytic active sites.
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181

182 Figure 3. Electrochemical performance evaluation of Mo-NiO/Ni (a) compared LSV curves of 

183 different catalyst for HER. (b) corresponding Tafel plots.  (c) double layered capacitance Cdl of 

184 the as prepared catalysts. (d) Nyquist plots for HER. (e) HER polarization curves after different 

185 CV cycles, inset is the chronopotentiometry curve at j of 500 and 100 mA·cm-2 (f) The oxidation 

186 performance comparison before and after the addition of urea. (g) LSV curves of different catalysts 

187 for UOR. (h) Corresponding Tafel plots towards UOR and (i), UOR polarization curves after 

188 different CV cycles, inset is the chronopotentiometry curve at current densities of 100 mA·cm-2 

189 without iR compensation.
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190 Along with catalytic activity, stability is a critical catalyst performance assessment. Thus, 

191 prolonged chronopotentiometry and CV cycles were used to determine Mo-NiO/Ni's durability in 

192 alkaline medium. Figure 3e shows that Mo-NiO/Ni has remarkable catalytic stability, with 

193 insignificant LSV curve alterations after 5,000 and 10,000 CV cycles during the HER process. 

194 Meanwhile, the stable chronopotentiometry curve recorded (inset Figure 3e) further illustrates the 

195 robustness of Mo-NiO/Ni in the alkaline electrocatalytic system. The Mo-NiO/Ni presents 

196 consistent performance over a duration of 100 h at high current densities of 500 and 100 mA·cm-

197 2 in separate tests. This exceptional performance highlights the promising applicability of Mo-

198 NiO/Ni in hydrogen production.

199 2.3 Electrocatalytic Urea oxidation reaction

200 The UOR activity of the as-prepared catalysts was assessed in 1 M KOH+0.5 M urea using a 

201 standard three-electrode configuration. Remarkably, the urea amount based UOR performance of 

202 Mo-NiO/Ni was first investigated in Figure S9. It can be found that Mo-NiO/Ni attains the better 

203 UOR activity at 0.5 M urea’s concentration. Figure 3f shows that introducing 0.5 M urea to the 

204 electrolyte causes a substantial negative shift in the potentials Mo-NiO/Ni and a dramatic rise in 

205 current density. It should be noted that Ni-based anodes typically undergo in situ surface oxidation 

206 under anodic UOR polarization to form Ni(OH)2/NiOOH-like species, which are widely regarded 

207 as the catalytically active surface, while the underlying NiO/Ni framework serves as a conductive 

208 scaffold.(40) In this system, UOR needs considerably smaller potential compared to OER, showing 

209 its inferior thermodynamic potential. Figure 3g illustrates the electrochemical LSV curves of NF, 

210 NiO/Ni and Mo-NiO/Ni in 1 M KOH+0.5 M urea. The Mo-NiO/Ni electrode exhibits superior 

211 electrocatalytic performance as compared to other catalysts. Specifically, the Mo-NiO/Ni electrode 

212 demonstrates anodic current densities of 10 and 100 mA·cm-2 at 1.31 and 1.37 V vs RHE, 
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213 respectively. These potentials are lower than those of NiO/Ni (1.35 and 1.41 V vs RHE) and NF 

214 (1.37 and 1.71 V vs RHE) at the same current densities. Furthermore, this catalyst requires only 

215 1.53 V vs RHE to achieve a high current density of 500 mA·cm-2. Given the UOR equilibrium 

216 potential of 0.37 V vs. RHE, these values correspond to overpotentials of 0.94, 1.00, and 1.16 V 

217 at 10, 100, and 500 mA·cm-2, as depicted in Figure S10, respectively. The Tafel plot depicted in 

218 Figure 3h illustrates that the Tafel slope of Mo-NiO/Ni (13 mV·dec-1) is notably lower than that 

219 of NiO/Ni (26 mV·dec-1) and NF (57 mV·dec-1), indicating its superior electrocatalytic kinetics 

220 for the UOR. The analysis of EIS provides additional evidence of the material’s effective electron 

221 transfer during the UOR process Figure S11. In Comparison to the previously published UOR 

222 catalyst, this sample exhibits a lower urea oxidation potential at a current density of 10 mA·cm-2, 

223 while also demonstrating more favorable kinetic performance, as illustrated in Table S2.  

224 Furthermore, we established that the optimal catalyst annealing temperature is at 450 °C for 2 

225 hours, achieved through careful monitoring of the annealing temperature during the catalyst 

226 preparation process. For comparison, samples exposed 400 and 500 °C were also analyzed. These 

227 samples were evaluated based on their UOR performance and electrochemical impedance 

228 characteristics during the reaction process Figure S12. The ECSA of the catalysts was evaluated 

229 in urea containing electrolyte, utilizing the Cdl derived from CVs at different scan rates, as depicted 

230 in Figure S13. The Cdl value for the Mo-NiO/Ni catalyst is (102 mF·cm-2), substantially higher 

231 than that of NiO/Ni (22 mF·cm-2) and Ni foam (only 1 mF cm-2). Figure 3i shows that Mo-NiO/Ni's 

232 catalytic stability during UOR is superior, as the LSV curves show no variations after 5,000 and 

233 10,000 CV cycles. Meanwhile, the stable chronopotentiometry curve recorded (inset Figure 3i) 

234 further illustrates the robustness of Mo-NiO/Ni in 1 M KOH +0.5 M urea electrolyte. The Mo-

235 NiO/Ni presents a consistent performance over a duration of 100 h at a high current density of 100 
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236 mA·cm-2. These findings further validate the remarkable endurance of Mo-NiO/Ni in improving 

237 long-term UOR performance. 

238 Post HER and UOR characterization was evaluated via XRD, SEM, and XPS. The XRD 

239 patterns Figure S14 retain the characteristic reflections of NiO with no new crystalline impurity 

240 phases detected, suggesting that the bulk NiO structure remains largely preserved. The 

241 morphology result obtained after HER and UOR stability test Figure S15 show well-preserved 

242 confined nanoparticles, indicating the excellent mechanical stability of Mo-NiO/Ni. The XPS 

243 spectra as depicted in Figure S16 further show that Mo-NiO/Ni exhibits favorable stability. 

244 Post‑HER and UOR XPS analyses reveal the disappearance of the Ni0 feature in the Ni 2p spectra 

245 and the emergence of NiO diffraction peaks in XRD patterns, indicating electrochemically induced 

246 surface reconstruction, under anodic UOR conditions the surface is expected to convert to 

247 Ni(OH)2/NiOOH-like species (ex situ XPS often appears predominantly Ni2+ after returning to 

248 open circuit), whereas the NiO/Ni skeleton mainly provides electrical conductivity and structural 

249 support. The coexistence of Ni2+ species and stable Mo signals confirms that Mo remains 

250 associated with the reconstructed surface and/or subsurface, supporting its role in electronic 

251 modulation/stabilization under operation.(41) Together, these results demonstrate excellent 

252 structural and chemical stability and help rationalize the outstanding urea‑assisted overall splitting 

253 activity of Mo-NiO/Ni relative to current catalysts.

254 2.4 Overall water and Urea splitting activity

255 As shown in Figure 4a, two identical Mo-NiO/Ni electrodes were used as the cathode and 

256 anode to test the practicality of water and urea splitting systems due to their strong bifunctional 

257 catalytic activity for HER and UOR. Remarkably, this hybrid electrolyzer exhibits exceptional 

258 performance on overall urea electrolysis under alkaline conditions, as illustrated in Figure 4b. It 
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259 achieves cell voltages of 1.33 and 1.62 V to attain current densities of 10 and 100 mA·cm-2 for 

260 urea-assisted electrolysis, compared with 1.50 and 1.82 V for overall water electrolysis under the 

261 same conditions. Thus, urea-assisted electrolysis reduces the required cell voltage by 170 mV at 

262 10 mA·cm-2 and 200 mV at 100 mA·cm-2 relative to overall water splitting. Furthermore, this 

263 performance is competitive with other published electrocatalysts targeted urea-assisted water 

264 splitting, as detailed in Table S3. Moreover, at elevated current densities of 50, 100, and 150 

265 mA·cm-2 are easily achieved at lower voltages of 1.51, 1.62 and 1.72 V, suppressing the overall 

266 water splitting system (1.7,1.82 and 1.92 V) as depicted in Figure 4c. This difference highlights 

267 the potential of the system for cost-effective hydrogen production and efficient treatment of urea-

268 rich waste water. Further, long-term stability is also a vital factor for the practicality of any 

269 electrocatalyst. Significantly, the Mo-NiO/Ni electrode demonstrate remarkable stability, 

270 successfully catalyzing urea electrolysis for 100 hours without a noticeable decline in current 

271 density, as shown in Figure 4d. This observation highlights the catalyst excellent stability. 

272 Together, these results illustrate that the bifunctional Mo-NiO/Ni indeed exhibits highly efficient 

273 catalytic performance in the simultaneous processes of water and urea electrolysis, making it a 

274 promising candidate for hydrogen evolution applications.
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275

276 Figure 4. (a) Schematic illustration of the two-electrode system with Mo-NiO/Ni cathode and 

277 anode. (b) LSV curves of Mo-NiO/Ni || Mo-NiO/Ni under 1 M KOH and 1 M KOH having 0.5M 

278 urea (c) Comparison of cell voltages at 10, 50, 100 and 150 mA·cm-2 for water and urea electrolysis 

279 and (d) i-t curve at current density of 100 mA·cm-2. 

280 2.5 Study of catalytic mechanism

281 We note that the DFT models employed here represent idealized/static NiO/Ni and Mo-

282 NiO/Ni interfaces. They do not explicitly include operando reconstruction (e.g., Ni(OH)2/NiOOH 

283 formation), electrolyte/solvent, or applied potential, therefore, the calculations are used to provide 

284 qualitative trends in electronic redistribution and relative adsorption changes that are consistent 

285 with the experimental observations. DFT calculations were carried out to unravel the structural 
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286 and electronic modulation of the NiO/Ni interface upon Mo incorporation. As illustrated in Figure 

287 5a-b Mo atoms are incorporated into the NiO lattice, inducing local lattice distortion and forming 

288 strong Mo-O-Ni bonds that alter the interfacial coordination environment. The corresponding 

289 charge density difference plot reveals significant electron redistribution, with pronounced electron 

290 accumulation near Mo sites and depletion around neighboring Ni atoms, indicating evident 

291 interfacial charge transfer as depicted in Figure 5c. The PDOS of NiO/Ni Figure S17 exhibits 

292 dominant Ni 3d states near the Fermi level and strong Ni-O hybridization, consistent with partial 

293 metallicity at the interface. In contrast, Mo doping introduces additional Mo 4d electronic states 

294 near the Fermi level, effectively enhancing electronic conductivity and improving Mo-Ni-O 

295 hybridization, as illustrated in Figure 5d. This structural and electronic regulation optimizes the 

296 surface adsorption characteristics, promoting more efficient charge transfer and intermediate 

297 stabilization during catalytic reactions. Generally, the Gibbs free energy toward hydrogen 

298 adsorption (ΔGH∗) plays an important role in evaluating HER due to simultaneous optimized 

299 hydrogen adsorption/desorption reaction.(42, 43) The calculated Gibbs free-energy diagram 

300 deeper insights the catalytic role of Mo. As depicted in Figure 5e, the hydrogen adsorption free 

301 energy (ΔGH∗) of pristine NiO/Ni is -0.86 eV, indicating overly strong H binding, whereas Mo-

302 NiO/Ni exhibits a near-thermoneutral ΔGH* of 0.21 eV, suggesting more favorable HER kinetics. 

303 The HER structural models for NiO/Ni and Mo-NiO/Ni are illustrated in Figure S18. This near-

304 thermoneutral hydrogen adsorption is consistent with the low HER overpotentials (51 and 113 mV 

305 at 10 and 100 mA·cm-2) and the reduced Tafel slope observed experimentally. Because UOR 

306 proceeds through multiple intermediates and parallel pathways, we use the dehydrogenation of 

307 adsorbed urea (CO(NH2)2 → CON2) as a representative potential-determining/rate-limiting step 

308 for comparative catalyst screening, rather than attempting to model the full operando network. 
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309 Furthermore, the calculated UOR free energy reaction pathway as illustrated in Figure 5f, 

310 indicates that Mo doping substantially decreases the energy barrier for this representative 

311 dehydrogenation step from 2.33 eV to 1.89 eV, facilitating the conversion of *CO(NH2)2 to *CON2 

312 intermediates. This lowered barrier is qualitatively consistent with the experimentally observed 

313 trend of a lower UOR onset potential and a smaller Tafel slope for Mo-NiO/Ni relative to NiO/Ni. 

314 DFT indicates that Mo-NiO/Ni (Figure 5g) and NiO/Ni (Figure S19) follow the same UOR route, 

315 where adsorbed urea is stepwise dehydrogenated and oxidized (*CO(NH2)2 → *CONH2NH → 

316 *CONHNH → *CONNH → *CON2 → *CO → *COOH → *CO2). Compared with NiO/Ni, Mo 

317 incorporation in Mo-NiO/Ni optimizes intermediate adsorption/stabilization, thereby promoting 

318 the overall UOR process. Collectively, these theoretical insights support that Mo modification 

319 optimizes the interfacial electronic structure and energetics of NiO/Ni, thereby promoting both 

320 hydrogen evolution and urea oxidation reactivity. These results indicate that Mo key role is to tune 

321 the electronic structure at the NiO/Ni interface, which is fundamentally different from bulk Ni-

322 Mo-O/NiMoOx catalysts.
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323

324 Figure 5. DFT calculations. a,b) Top and side view of structure models of (a) NiO/Ni, (b) Mo-

325 NiO/Ni (c) Differential charge density of Mo-NiO/Ni. The yellow area signifies electron 

326 accumulation, whereas the cyan area indicates electron depletion (d) Calculated PDOS of Mo-

327 NiO/Ni. (e) The Gibbs free energy diagram of HER for NiO/Ni and Mo-NiO/Ni. (f) Gibbs free-

328 energy profile for UOR. (g) Diagrammatic representation of urea oxidation mechanism and its 

329 associated arrangements.

330
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331 Conclusion

332 In conclusion, we have established a simple approach for the fabrication of an effective 

333 bifunctional Mo-NiO/Ni electrocatalyst by a one-step electrodeposition process followed by 

334 annealing. Remarkably, the prepared Mo-NiO/Ni catalyst achieves superior performance and 

335 prolonged stability for HER and UOR. The catalyst achieves HER η of 51 and 113 mV at 10 and 

336 100 mA·cm-2, respectively, and a UOR potential of 1.37 V vs RHE to reach 100 mA·cm-2. A 

337 symmetric two-electrode electrolyzer demonstrates exceptional overall water and urea splitting 

338 performance, requiring 1.62 V at 100 mA·cm-2 in urea containing electrolyte, outperforming water 

339 electrolysis under identical conditions (1.82 V). DFT studies demonstrate that the Mo-NiO/Ni 

340 catalyst's strong bifunctional catalytic performance is mainly due to the electronic structure's 

341 modification, which improves conductivity and intermediate adsorption/desorption. Meanwhile, 

342 Mo-NiO/Ni uniformly grows on the NF and creates nanoparticles with more active sites for 

343 catalysis. This study presents a novel strategy for constructing high‑performance Mo-NiO/Ni 

344 bifunctional catalysts, exhibits significant potential for industrial water splitting and urea 

345 oxidation.
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