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ABSTRACT: NiFe oxyhydroxide (NiFe-OH) has shown promising electrocatalytic 

oxygen evolution reaction (OER) activity. Here we suggest that the performance of 

NiFe-OH can be further enhanced by constructing pn junction. Using MnCo carbonate 

hydroxide (MnCo-CH)@NiFe-OH pn junction as a demonstration, we show that upon 

the construction of pn junction, the electrons flow from n-type NiFe-OH to MnCo-CH, 

which consequently generates a positively charged region on NiFe-OH. The density 

function theory calculation reveals that such an electronic property change results in an 

improved OER energetics. As a result, the MnCo-CH@NiFe-OH pn junction shows 

significantly enhanced OER performance that is ~10 and ~500 times that of NiFe-OH 

and MnCo-CH (in terms of the OER currents at the overpotential of 270 mV), 

respectively. Moreover, the pn junction also shows a greatly boosted hydrogen 

evolution reaction (HER) and therefore the overall water electrolysis activity that 

outperforms the Pt/C||RuO2 catalysts.   
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1. Introduction 

Electrochemical water splitting can produce hydrogen at no environmental cost, which 

could potentially meet the requirements for sustainable hydrogen energy supply [1, 2]. 

However, the water electrolysis requires active and robust catalysts to accelerate the 

reaction kinetics, especially for the sluggish oxygen evolution reaction (OER) [1, 3-5]. 

Ruthenium and iridium oxides are currently the best catalysts [6], but are unlikely to be 

used for grid-scale applications given the scarcity and high cost. Research efforts have 

thus been devoted to exploring cheap and efficient OER catalysts [7-13]. Among them, 

metal hydroxides have shown promising OER activity [14-16]. In particular, NiFe 
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oxyhydroxide is among one of the most active OER catalysts [17-20]. General 

strategies for further enhancing the OER activity of NiFe oxyhydroxides (or other NiFe-

based compounds) include nanostructuring (i.e. increasing the active surface area) and 

electronic conductivity tuning (e.g. by coupling with highly conductive materials such 

as carbons) [18, 21-24]. For example, Li et al. synthesized atomically thin NiFe layered 

double hydroxides (LDHs) assembled 3D microspheres, which possess much larger 

active surface area compared to their 2D bulk counterpart and thus achieved a small 

onset OER overpotential of 435 mV [25]. Unfortunately, these methods cannot improve 

the intrinsic activity and the enhancement is often limited. 

Previous studies have shown that the interactions of electrocatalysts and the OER 

intermediates (i.e. O, OH, and OOH) essentially determine the OER activity [10]. In 

this regard, electronic structure tuning (e.g. by doping or interface/vacancy engineering) 

can effectively modify the electron density of the catalyst and therefore the OER 

energetics, resulting in an greatly enhanced the OER activity [10, 26-31]. For instance, 

Wang et al. demonstrated that metal and oxygen multivacancies can greatly boosted the 

OER performance of NiFe LDH, lowering the overpotential at 10 mA cm-2 by 60 mV 

compared to regular NiFe LDH [32]. Besides, the construction of p-n junction has also 

been shown to be capable of tuning the electronic structure. He et al. reported that the 

combination of FeNi-LDH and CoP results in the formation of pn junction that 

possesses a small OER overpotential of 231.1 mV at 20 mA cm-2 [33]. It should be 

noted that the synthesis of phosphides generally requires high temperature/pressure and 

toxic phosphorus sources, and thus might not be suitable for large scale application. 

Here we report the construction of NiFe and MnCo hydroxide pn junction by a low cost 

hydrothermal/electrodeposition method that enables the modification of electronic 

property and consequently the optimized OER energetics. Specifically, when the p-type 
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NiFe hydroxide (NiFe-OH) meets n-type MnCo carbonate hydroxide (MnCo-CH), a pn 

junction would be formed and the electronic structures of these semiconductors are 

tuned to reach the thermal equilibrium state. In this way, we were able to dramatically 

boost the OER activity of the NiFe-OH. On the other hand, the introduction of MnCo-

CH would also enhance the HER activity of NiFe-OH. The Mn in the MnCo-CH would 

enhance the density of states on Co center and thereby weakens the binding of H*, 

leading to an improved HER activity [34, 35]. Whereas the NiFe-OH can promote the 

water dissociation [36, 37] and thus accelerate the HER on MnCo-CH in alkaline 

electrolytes.  

Inspired by this view, we constructed a hierarchical core-shell MnCo-CH@NiFe-

OH pn junction and further evaluated its electrocatalytic activity. The construction of 

pn junction greatly boosts the electrocatalytic activity. As a result, the MnCo-

CH@NiFe-OH pn junction shows much smaller overpotentials of 186 (OER) and 177 

mV (HER) at 10 mA cm-2, compared to 247 and 321 mV for NiFe-OH. Furthermore, 

the MnCo-CH@NiFe-OH based alkaline electrolyzer can stably drive 100 mA cm-2 at 

a small voltage of only 1.69 V.  

 

2. Experimental 

2.1. Synthesis of MnCo-CH (MnCo-CH) 

The substrate carbon cloth (CC, 1 ×2 cm2) was ultrasonicated sequentially in 

ethanol, acetone, and DI water before drying at 80 °C. Subsequently, the pretreated CC 

was immersed in a 67% HNO3 solution for 8 h to improve its hydrophilicity before been 

used as the substrate. For the synthesis of MnCo-CH nanorods [35], 476 mg 

CoCl2•6H2O, 198 mg MnCl2•4H2O, 111 mg NH4F and 180 mg (NH2)2CO were 

hydrothermally reacted in 40 mL H2O at 120 °C for 12 h.  
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2.2. Synthesis of MnCo-CH@NiFe-OH pn junction 

The MnCo-CH@NiFe-OH was synthesized by electrodepositing NiFe-OH onto 

the MnCo-CH nanorods in an electrolyte containing 0.15 M 0.15 M Ni(NO3)2•6H2O 

and Fe(SO4)2•7H2O at -1.0 V vs Ag/AgCl [7]. NiFe-OH nanosheets were deposited 

directly onto the CC substrate under the same condition for comparison.  

 

2.3. Preparation of RuO2 and Pt/C electrodes  

A mixture of commercial RuO2 power (10 mg), 100 μL isopropyl alcohol and 8 μL 

Nafion solution (0.5 wt.%) was dispersed in 92 μL H2O. The above solution was 

ultrasonicated before drop-casting onto a clean CC. The Pt/C electrodes were fabricated 

using the same protocol.  

 

2.4. Characterizations 

The as-obtained samples were characterized by X-ray diffraction (XRD, Rigaku 

Ultima IV), scanning and transmission electron microscopies (SEM and TEM), X-ray 

photoelectron spectroscopy (XPS, PHI Quantum 2000) and ultraviolet photoelectron 

spectrometer (UPS, ESCAlab 250Xi). N2 adsorption/desorption isotherms were 

collected on an ASAP 2020 automatic physical adsorption instrument to obtain the 

Brunauer-Emmett-Teller (BET) date. The Tauc plots were measured using a Cary 5000 

ultraviolet-visible diffuse reflection spectroscope (UV-vis). 

 

2.5. Electrochemical measurements 

The electrocatalytic OER activity was evaluated in 1 M KOH using the three-

electrode cell (working electrode: catalysts grown on CC substrate, reference electrode: 
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saturated calomel electrode, counter electrode: Pt foil) on an electrochemical 

workstation (CHI660E). Whereas the HER electrocatalysis was conducted using the 

same setup except that a graphite rod was applied as counter electrode. Before 

conducting the linear sweep voltammetry (LSV), the catalysts were activated for 500 

cyclic voltammetry (CV) cycles at 100 mV s-1. Electrochemical impedance 

spectroscopy (EIS) was tested within 10 kHz to 100 mHz. The Mott-Schottky (M-S) 

plots were collected at frequencies of 3, 4, and 5 kHz using the three-electrode system 

that is the same as the one used in the OER measurements.  

 

2.6. Simulations 

The energetics of the targeting OER reaction mechanism was explored using the 

density functional theory (DFT) simulations, which was performed at the RPBE level 

of exchange functional together with the U corrections. The electrons were simulated 

using the PAW method with a 400 eV energy cutoff. The employed catalyst slab was 

constructed based on a NiFe-OH supercell with a 6.147 * 12.459 angstrom dimension. 

The k-space electronic interactions were simulated using the 4*2 k-point mesh. 

 

3. Results and Discussion 

3.1. Energy diagram and OER energetics of the MnCo-CH@NiFe-OH pn junction 

We first performed electrochemical impedance, UV-vis and UPS measurements to 

determine the energy level diagrams. Figure 1a shows the M-S curves of NiFe-OH at 

different frequencies, which present a positive slope, the typical characteristics of n-

type semiconductors [38]. Whereas the MnCo-CH shows M-S plots with a negative 

slope (Figure 1b), suggesting the p character [39]. Figure S1a-b shows the UPS spectra. 

The secondary electron cutoff energy (Ecutoff) is determined to be 16.47 and 17.21 eV 
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for MnCo-CH and NiFe-OH, respectively. The work function (Φ) thus can be 

calculated as 4.75 and 4.01 eV according to the following equation:  

Φ = hν – (Ecutoff – EF
0)                          (1) 

where hν is the excited photon energy (21.22 eV), EF
0 is the Fermi level (EF

0 = 0) of 

the spectrometer after calibration. In addition, the energy level difference between the 

valence band (EVB) and Fermi level (EF) positions of MnCo-CH and NiFe-OH can be 

determined as 0.29 and 2.0 eV in the valence band region of the UPS spectra, 

respectively. Given that the EF positions of MnCo-CH and NiFe-OH are -4.75 and -

4.01 eV vs. vacuum, the EVB energy positions can then be calculated as -5.04 and -6.01 

eV vs. vacuum, respectively. Further, the band gaps of MnCo-CH and NiFe-OH are 

3.74 and 2.43 eV as determined by the Tauc plots (Figure S1c-d), the conduction band 

(ECB) positions can be calculated as -1.3 and -3.58 eV vs. vacuum, respectively. Based 

on these results, we further constructed the energy diagrams. As shown in Figure 1c, 

the theoretical HER potential is within the energy level diagrams of both the MnCo-

CH and NiFe-OH, whereas the OER potential is only within the energy level diagram 

of NiFe-OH. This indicates that the former has a better HER activity whereas the latter 

is more active for OER. However, when these two materials are contacted, the pn 

junction would be formed and therefore the energy level is tuned, which could lead to 

a different catalytic OER/HER behavior of the hybrid. Specifically, the electrons flow 

from the NiFe-OH to MnCo-CH and recombine with holes at the VB of MnCo-CH until 

their Fermi level equilibrium is reached, resulting in the band bending. This further 

widens the gap between the EVB of NiFe-OH and theoretical OER potential. Because 

of the electron flow and band bending, the surface of NiFe-OH is positively charged, 

which accelerates the transfer of OH− from electrolyte to NiFe-OH and favors its 

adsorption, thereby boosts the OER activity. On the other hand, the band bending also 
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increases the gap between the ECB of MnCo-CH and theoretical HER potential, which 

significantly promotes the migration ability of electrons for reducing H+ to H2. 

Therefore, it is expected that the MnCo-CH@NiFe-OH pn junction would greatly boost 

both the OER and HER activity compared to their individual counterparts. We then 

conducted the density function theory (DFT) study to identify the impacts of pn junction 

on the electronic property and consequently the OER activity, which largely depends 

on the free energy difference in the critical steps of OER [40, 41]. Here we used Fe 

atoms as the active OER sites[42] and then evaluated the OER steps by calculating the 

thermodynamic energetics. Figure 1d reveals the OER energetics of NiFe-OH (also see 

Figure S2). The step of removing one H atom from the adsorbed OH* requires the 

largest free energy difference (ΔG2, 2.11 eV) and therefore is the rate-limiting step. 

However, we found a stronger binding of OH* (ΔG1, 1.69 eV) on the MnCo-CH@NiFe-

OH due to the positively charged surface resulted from the charge redistribution upon 

the formation of pn junction (also see Figure S3). Meanwhile, the release of H atom 

becomes easier and the ΔG2 is reduced to 1.93 eV, suggesting an improved OER 

energetics.  

 
Figure 1. M-S plots of the (a) NiFe-OH and (b) MnCo-CH at various frequencies. (c) 
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Energy diagrams of the MnCo-CH and NiFe-OH (left) and the MnCo-CH @NiFe-OH 

pn junction (right). The free energetic pathway of water oxidation over (d) NiFe-OH 

and (e) MnCo-CH@NiFe-OH. 

 

3.2. Structural characterizations 

The DFT calculations confirmed that the construction of pn junction can effectively 

boost the OER performance. We then set out to synthesize the MnCo-CH@NiFe-OH 

pn junction. Figure 2a illustrates the schematic synthesis process. In the first step, the 

MnCo-CH nanorods were directly grown onto carbon cloth via a hydrothermal process. 

Subsequently, the NiFe-OH were decorated on the MnCo-CH surface through a simple 

electrodeposition method. The apparent color change reflects the successful growth of 

NiFe-OH onto the MnCo-CH nanorods (Figure S4). Figure S5a shows the typical 

morphology of MnCo-CH nanorods, which possess a smooth surface and diameters of 

100-200 nm. Upon electrodeposition, the NiFe-OH nanosheets are directly grown onto 

the surface of MnCo-CH nanorods (Figure 2b). We found that a 300 s deposition time 

would lead to the most uniform coating (Figure S6). The core shell structure was also 

verified by TEM (Figure 2c). Compared with the directly grown NiFe-OH nanosheets 

(Figure S5b), the core-shell architecture of MnCo-CH@NiFe-OH nanorod arrays 

promotes the close contact of the active materials and electrolyte. Indeed, the MnCo-

CH@NiFe-OH possesses a much higher BET surface area (11.39 m2 g-1) compared to 

that of NiFe-OH nanosheets (4.58 m2 g-1) and MnCo-CH nanorods (10.11 m2 g-1) 

(Figure S7). The interface of the pn junction was further revealed by the HRTEM. The 

lattice spacing of 0.248 nm is assigned to the (012) plane of NiFe-OH, whereas 0.175 

nm matches with the (012) spacing of MnCo-CH (Figure 2d). The EDS areal scan 

(Figure S8) reveals that the pn junction contains Mn, Co, Ni, and Fe elements. The 
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elemental maps further verify the core shell structure, where the Co and Mn are 

distributed in core whereas Fe and Ni are on the outer region (Figure 2e). 

 
Figure 2. (a) Synthetic process, (b) SEM and (c, d) HRTEM images, and (e) EDS 

elemental maps of the MnCo-CH@NiFe-OH pn junction.  

 

3.3. Surface states and composition analysis 

The crystal structure of the MnCo-CH, NiFe-OH and MnCo-CH@NiFe-OH was 

studied using XRD. The MnCo-CH contains a major phase with diffraction peaks that 

correspond to the Co carbonate hydroxide (JCPDS #48-0083) with slight peak shifts, 

confirming the formation of Mn doped Co carbonate hydroxide [35]. Whereas the 

electrodeposited NiFe-OH shows weak diffraction peaks because of the poor 

crystallinity (Figure 3a) [17]. The surface oxidation states and the electronic 

interactions of NiFe-OH and MnCo-CH were then studied by XPS. The survey spectra 

suggest the presence of metal elements on the catalyst surface (Figure 3b). Compared 

to MnCo-CH, the Mn (Figure 3c) and Co (Figure 3d) XPS peaks of the MnCo-
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CH@NiFe-OH both show a negative shift with a decrease in Co3+ and Mn3+ species 

(see Table S1), indicating the electrons transfer from NiFe-OH to MnCo-CH. Indeed, 

the Ni (Figure 3e) and Fe (Figure 3f) peaks of MnCo-CH@NiFe-OH show a positive 

shift compared to those of NiFe-OH with an increase in Ni3+ and Fe3+ species. This 

result further confirms the successful construction of MnCo-CH@NiFe-OH pn junction 

and the strong interfacial interactions of MnCo-CH and NiFe-OH, which leads to the 

electronic property change and therefore regulars the OER/HER kinetics. 

 

Figure 3. (a) XRD patterns and (b-f) XPS spectra of the three catalysts. 

 

3.4. OER performance 

The OER performance of the MnCo-CH@NiFe-OH pn junction was then 

investigated. The impact of the NiFe-OH deposition time was first studied and the result 

shows that a 300 s deposition time yields the catalyst with the highest catalytic 

OER/HER activity (Figure S9), probably due to the large surface active area. Figure 4a 

compares the LSV curves of the MnCo-CH, NiFe-OH and MnCo-CH@NiFe-OH. As 

expected, the MnCo-CH@NiFe-OH pn junction exhibits high OER activity that only a 

186 mV overpotential is required at 10 mA cm-2, whereas 247, 356 and 281 mV are 
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needed for the NiFe-OH, MnCo-CH, and RuO2, respectively (Figure 4b). The activity 

is also superior to many recently reported NiFe-based OER electrocatalysts, such as 

NiCo2O4@NiFe-LDH (192 mV) [43], NiCoP@NiFe-LDH (220 mV) [44] and V-

Ni2S3@NiFe-LDH (209 mV) [45] (also see Table S2). Moreover, the overpotential of 

the MnCo-CH@NiFe-OH pn junction at 100 mA cm-2 is 250 mV, which is 76, 186 and 

95 mV smaller than that of NiFe-OH, MnCo-CH and RuO2, respectively. The high 

activity of MnCo-CH@NiFe-OH was further reflected by the small Tafel slope (49 mV 

dec-1), compared to 132.6 and 95.0 mV dec-1 of the NiFe-OH and MnCo-CH, 

respectively (Figure 4c). To explore the origin of enhanced OER electrocatalytic 

performance, we further normalized the OER currents by the BET surface area (Figure 

4d). It could be seen that the MnCo-CH@NiFe-OH still exhibits much higher 

normalized currents than MnCo-CH and NiFe-OH under the same potentials, 

suggesting that the surface area cannot fully account for performance disparity. Indeed, 

the turnover frequency (TOF) of MnCo-CH@NiFe-OH at the overpotential of 250 mV 

reaches 0.0296 s-1, which is 3.3 and 74 times that of NiFe-OH (0.009 s-1) and MnCo-

CH (0.0004 s-1), suggesting its much higher intrinsic catalytic activity (Figure S10). We 

believe that the construction of pn junction is crucial to the enhanced OER activity as 

already confirmed by the DFT result. The formation of pn junction also modifies the 

electronic property. The MnCo-CH@NiFe-OH shows a higher electrical conductivity 

and faster charge transport process as revealed in the Nyquist plots (Figure 4e). To 

assess the stability of the MnCo-CH@NiFe-OH, we performed the continuous CV 

scans. The polarization curve of MnCo-CH@NiFe-OH deviates slightly after 5000 

cycles, and the potential remains nearly constant during the cycling test (Figure S11). 

The chronopotentiometric test conducted at 50 mA cm-2 further confirms the 

outstanding stability and durability (Figure 4f). Post-catalytic characterizations reveal 
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that the morphology barely changes after the electrocatalysis (Figure S12a). However, 

the XPS result suggests that the surface metal species are oxidized (Figure S13) and 

serve as the OER active sites [46, 47]. 

 

Figure 4. OER electrocatalysis over the MnCo-CH@NiFe-OH pn junction along with 

MnCo-CH and NiFe-OH for comparison. (a) IR-corrected LSVs. (b) Overpotentials at 

various currents. (c) Tafel plots. (d) BET surface area normalized LSV curves. (e) EIS 

spectra. (f) Chronoamperometric test of the MnCo-CH@NiFe-OH at 50 mA cm-2. 

 

3.5. HER performance 

The HER performance of the MnCo-CH@NiFe-OH pn junction was further 

evaluated in 1 M KOH. Compared to the NiFe-OH (321 mV) and MnCo-CH (222 mV), 

the MnCo-CH@NiFe-OH only requires 177 mV overpotential to deliver 10 mA cm-2 

(Figure 5a, b). The performance is also superior to many other catalysts including NiFe-

LDH@Ni2S3 (184 mV) [48], NiCo2O4@NiFe-LDH/NF (200 mV) [43] and NiFe-

LDH/graphene (300 mV) [49] (see Table S3). Besides, the smaller Tafel slope of MnCo-

CH@NiFe-OH further demonstrates a faster HER reaction kinetics (Figure 5c). Similar 

to the case that we observed in OER, the LSV curve of the MnCo-CH@NiFe-OH 
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normalized by BET surface area still shows much larger HER currents (Figure 5d) than 

that of NiFe-OH and MnCo-CH, which indicates that the pn junction is intrinsically 

more active. Indeed, the pn junction achieves the highest TOF value (0.0144 s-1 at 280 

mV), which far exceeds that of NiFe-OH (0.0024 s-1) and MnCo-CH (0.0063 s-1) 

(Figure S10). The EIS measurements also suggest that the MnCo-CH@NiFe-OH has 

the smallest charge transfer resistance, implying a fast charge transport rate and 

improved HER activity (Figure 5e). In addition to the high HER activity, the MnCo-

CH@NiFe-OH also exhibits a good durability with no noticeable performance 

degradation upon a 24 h continuous operation at 50 mA cm-2 (Figure 5f). Post-HER 

characterization reveals that the pn junction maintains the original morphology and 

structure (Figure S12b and Figure S13).  

 

Figure 5. HER electrocatalysis over the MnCo-CH@NiFe-OH pn junction along with 

MnCo-CH and NiFe-OH for comparison. (a) IR-corrected LSVs. (b) Overpotentials at 

various currents. (c) Tafel plots. (d) BET surface area normalized LSV curves. (e) EIS 

spectra. (f) Chronoamperometric test of the MnCo-CH@NiFe-OH at -50 mA cm-2. 

 

3.6. Water electrolysis performance 
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Given the high OER and HER activity of the pn junction, two identical MnCo-

CH@NiFe-OH were assembled into an electrolyzer, which is capable of driving 10 mA 

cm-2 at 1.57 V, only 50 mV larger than that of the Pt/C||RuO2 (Figure 6a). However, the 

OER currents rise quicky upon increasing the voltage, and only 1.69 V is required to 

deliver 100 mA cm-2, 110 mV smaller than that of the Pt/C||RuO2 and also outperforms 

many other high-performance electrolyzers (Table S4). In addition, the pn junction 

based electrolyzer also shows high stability. As presented in Figure 6b, the voltage 

levels off upon beginning and maintains unchanged for the rest 600 s for each step when 

increasing the currents from 10 to 100 mA cm-2, which indicates the fast ion transfer 

and high mechanical stability of MnCo-CH@NiFe-OH even at high currents. The long-

term stability was further verified by chronopotentiometric test (Figure 6c). The 

electrolytic voltages remain stable at various currents, whereas a significant 

performance decay was observed on the Pt/C||RuO2 (Figure S14a). Moreover, the 

morphology and structure of MnCo-CH@NiFe-OH was well remained after long-term 

stability test (Figure S15). Figure 6d and S14b reveal that the amounts of produced O2 

and H2 at room temperature approach the theoretical values, giving a faradaic efficiency 

of nearly 100%. 
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Figure 6. The electrochemical performance of the MnCo-CH@NiFe-OH pn junction 

based electrolyzer. (a) IR-corrected LSVs. (b) Multi-current process and (c) Time-

dependent voltage curves at constant currents of 50, 150 and 250 mA cm-2 for 24 h. (d) 

The Faradic efficiency and the yield of H2 and O2 measured at 100 mA cm-2. 

 

4. Conclusion 

In this work, we suggest that the construction of MnCo-CH@NiFe-OH pn junction 

can effectively boost both the OER and HER electrocatalytic activity. The electrons 

flow from n-type NiFe-OH to p-type MnCo-CH upon the contact of these two materials, 

which consequently modifies the electron density of both the NiFe-OH and MnCo-CH. 

As a result, a surface positively charged center is created on NiFe-OH, resulting in an 

enhanced adsorption of OH* and easy release of H and thus an improved OER 

energetics. On the other hand, the electron accumulation on MnCo-CH could enhance 

the adsorption of H*, whereas the NiFe-OH can promote the water dissociation, which 

leads to an accelerated HER kinetics. In this way, the pn junction shows a greatly 

enhanced electrocatalytic activity compared to the individual MnCo-CH or NiFe-OH. 

In addition, the electrolyzer using the MnCo-CH@NiFe-OH pn junction also delivers 
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high performance. Our work suggests an effective approach to boosting the 

electrochemical performance of well-established hydroxide catalysts.  
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