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Abstract 

Multimetallic systems have been the subject of intensive research for their promising 

electrocatalytic activities. Herein, we describe the synthesis of bimetallic and trimetallic (Ni, Co 

and Mn) oxide-hydroxide nanosheets and evaluate their catalytic activity toward water oxidation. 

The catalytic activity of porous trimetallic nanosheets was found to be higher than that of 

bimetallic hybrids. In addition, the trimetallic systems also possess excellent stability. A current 

density of 10 mA/cm2 is achieved for an overpotential of 287 mV and ~0% loss even after 8000 

cycles. The enhanced performance by the trimetallic system can be attributed to the large 

electrochemical surface area and better intrinsic activity. The electronic modulation in this three-

element system is evident from the X-Ray Photoelectron Spectroscopy (XPS) study and Mott-

Schottky analysis. The position of flat-band potential plays a significant role in determining the 

charge transfer kinetics, thereby affecting the water oxidation activity in the semiconductor-

electrolyte system. Trimetallic system also offers better oxygen evolution reaction kinetics as 

evident from the least activation energy compared to the bimetallic counterparts. The local 

structure system is realized with the X-ray absorption spectroscopy (XAS) analysis. The present 

study highlights the importance of intrinsic activity in designing efficient non-noble metal 

electrocatalysts. 

1. Introduction 

  The search for sustainable energy sources has resulted in immense attention towards the 

production and storage of hydrogen - a neat and clean fuel that can be an alternative to petroleum-

based energy sources. Consumption of fossil fuels has caused severe environmental problems due 

to the release of toxic byproducts.[1] In this aspect, water splitting is a clean and renewable 

https://en.wikipedia.org/wiki/Absorption_spectroscopy
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alternative,[2] though the process is hindered by sluggish oxygen kinetics in water oxidation 

reaction/oxygen evolution reaction (OER).[3,4] Efforts are being made to develop catalysts that 

are cost-effective, efficient and durable for OER. In this regard, various materials have been 

explored as an efficient electrocatalysts, including transition metal oxides, sulfides, phosphides, 

etc.[5–13] Transition metal-based oxides or hydroxides are potential alternatives due to their rich 

redox property and excellent stability in an oxidizing environment. [14] Until now, a wide range 

of first-row transition metal-based oxides/hydroxides/oxyhydroxides have been investigated for 

water oxidation.[15,16,25,26,17–24][27] The electrocatalytic activity of the monometallic system 

is limited by its poor electronic conductivity. Bimetallic systems have shown better conductivity 

over monometallic systems due to the hybridization of the constituent elements.[28,29] Ni-Fe-

based binary oxide/(oxy) hydroxide seems to be the best performing OER catalyst till date.[30–

35] Incorporation of a third element into a bimetallic system modulates the electronic structure 

thereby impacting on adsorption energy of the reaction intermediates (thermodynamics) and 

conductivity (kinetics) for the water oxidation.[36,37] Though the former has been extensively 

studied,[38–40] the basic understanding of the mechanism for better kinetics in semiconductor 

electrocatalyst like oxide/hydroxide is lacking in the literature.  

   Trimetallic oxide/(oxy)hydroxides based on first-row transition metal have been considered to 

be a new class of water oxidation electrocatalysts. [41,42,51–53,43–50] They were also reported 

to exhibit superior activity over bimetallic and monometallic systems.[37,47,54–60] Further, the 

hybrid oxide-hydroxide structure has shown superior water oxidation performance over their 

pristine oxide or hydroxide.[61] Moreover, a 2-dimensional (2D) nanosheet with porous structures 

can provide more active sites for electrocatalytic reactions[26,62] and providing easy access of the 



 

 

 

4 

electrolyte to the active sites.[63] Synergistic electronic and morphological modulation is, 

therefore, an effective route to design an efficient catalyst for OER.[64] 

 

Herein, we have synthesized trimetallic cobalt, nickel, and manganese oxide-hydroxide hybrid 

porous nanosheets via a simple and cost-effective hydrothermal method. Nickel-cobalt oxide -

hydroxide were explored as efficient oxygen evolution catalyst.[65] The incorporation of high 

valence state elements promotes catalytic activity.[66,67] According to the Sabatier principle, the 

binding of the reaction intermediates should be optimum for efficient reaction. The descriptor for 

prediction of optimum adsorption of reaction intermediate is the volcano plot (adsorption-energy 

scaling relationships). RuO2 and IrO2 known to possess best OER activity are located around the 

top of the volcano plot. [68,69] After Co and Ni, Mn based oxide lies close to the peak of the 

volcano plot.[70] In this regard, Mn is a good choice as the third element for our system. 

 

The local structure of the trimetallic (Co/Ni/Mn) based system is investigated by X-ray Near-

Edge Structure (XANES) and Extended X-ray Absorption Fine Structure (EXAFS) 

techniques.[71] The as-synthesized trimetallic system exhibits, lower onset potentials (247 mV at 

current density of 2 mA/cm2 and 287 mV at current density of 10 mA/cm2), and a lower Tafel 

slope of 53 mV/dec when compared with the corresponding bimetallic systems. It also exhibits 

good operational stability (8000 cycles) and durability (20h). Moreover, we have elucidated the 

role of flat-band potential, activation energy and highlight the importance of intrinsic activity in 

water oxidation kinetics. The reaction intermediate was probed by methanol oxidation reaction 

and the adsorption energy was deduced.  In the current work, the flat-band potential was 

determined by the Mott-Schottky analysis.[72–74] The dependency of various parameters like 
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charge transfer resistance, Tafel slope, onset and overpotential on the flat-band potential has been 

studied. The maximum flat-band potential corresponded to a minimal charge transfer resistance in 

the trimetallic system. This serves as evidence for the electronic modulation that has resulted in its 

superior kinetics over the bimetallic counterparts. The present study elucidates the semiconductor-

electrolyte interface behavior along with the reaction kinetics through an improved understanding 

of the enhanced water oxidation of the trimetallic oxide-hydroxide nanosheet catalysts. 

2. Experimental section 

Synthetic procedures. For the synthesis of trimetallic cobalt nickel manganese oxide-hydroxide 

hybrid (CNM), an appropriate amount of cobalt nitrate hexahydrate, nickel nitrate hexahydrate and 

manganese acetate tetrahydrate has been mixed in the molar ratio 1:1:1 (7 mM) with 0.02 M 

hexamethylenetetramine (HMT) and stirred for 30 minutes. The homogeneous solution has been 

fed into a 100 ml Teflon-lined autoclave which was heated at 70 oC for 24 h. For the synthesis of 

the bimetallic system (NM: nickel-manganese oxide-hydroxide, CM: cobalt-manganese oxide-

hydroxide, CN: cobalt-nickel oxide-hydroxide), respective salts are mixed in the molar ratio 1:1 

(10.5 mM) with the same amount of HMT and followed the same procedure as that for CNM. The 

obtained precipitates were collected and annealed at 300 C for 1 h at the ramping rate of 5 C per 

min. 

Characterizations. X-ray diffraction (XRD) studies were carried out using PANalytical with Cu 

Kα as the source. The ULTRA 55 Field Emission Scanning Electron Microscope and High-

Resolution Transmission Electron Microscopy (HRTEM) were used for morphological 

characterization. High-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) and elemental mapping were obtained by TEM-TITAN Themis at 300 kV. For 

obtaining Raman spectra have been acquired using WITEC spectrophotometer with 532 nm 
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excitation. X-ray photoelectron spectroscopy (XPS) studies were carried out using AXIS ULTRA 

for compositional analysis. Inductively Coupled Plasma Mass Spectrometer (ICPMS, Thermo X 

Series II) was used for the determination of the elemental concentrations. Quantachrome 

Instrument was used for Brunauer–Emmett–Teller (BET) surface area measurements. 

XAS measurements, comprising of both XANES and EXAFS techniques, were carried out at room 

temperature in transmission mode using the Energy-Scanning EXAFS beamline (BL-9) at the 

Indus-2 Synchrotron Source (2.5 GeV, 100 mA). [75][76]  

 

Electrochemical measurements. All the electrochemical measurements were carried out using a 

CHI electrochemical workstation which consists of an electrochemical cell with a three-electrode 

system. The electrodes comprise of Ag/AgCl as the reference, Pt-C as the counter and catalyst-

modified glassy carbon as the working electrode. All the measurements were carried out in 1M 

NaOH (pH=13.6) solution [62]. For catalyst preparation, 7 mg of the electrocatalyst were dispersed 

in 1 ml of ethanol and water as a solvent mixed in equal proportion and ultrasonicated for 30 min 

to obtain a slurry. 15 l of Nafion (binder) is added into 100 l of the as as-obtained slurry and 

further sonicated for 15 min. An appropriate amount of catalyst slurry is loaded on a glassy carbon 

electrode for further electrochemical measurements. For the poison study, 10 mM sodium cyanide 

(NaCN) was added in 1M NaOH solution. The Mott-Schottky measurements were carried out in 

1 M NaOH solution at a scan rate of 10 mV/s at 100 Hz. The electrochemical impedance 

spectroscopy was measured in 1 M NaOH solution at 1.423 V vs RHE. For methanol oxidation 

reaction, electrocatalyst was drop casted on rotating ring disc electrode (RRDE) and LSV 

measurement was carried out N2 saturated 1 M NaOH electrolyte in absence and presence of 1 M 

methanol and the Pt-ring was set at a potential of 0.25 V vs RHE. 
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3. Results and discussion 

 Trimetallic Co-Ni-Mn-based oxide-hydroxide porous nanosheets have been synthesized using 

hydrothermal synthesis and were denoted as CNM. Bimetallic oxides-hydroxide nanosheets of 

cobalt-nickel, nickel-manganese and cobalt-manganese were synthesized under identical 

conditions and were named CN, NM and CM, respectively. The schematic of the synthesis of 

porous nanosheets is presented in Figure 1. XRD studies were carried out for crystal structural 

identification of CNM samples before (CNMBA) and after (CNM) annealing. As shown in Figure 

S1a for CNM, peaks around 11.39o, 18.93o and 22.70o represent the (003), (001) and (006) 

crystalline planes of cobalt-nickel-manganese hydroxide [ICDD-04-018-1384][28,57], 37.67o, 

43.69o and 63.67o represents the (222), (400) and (440) facet of corresponding trimetallic oxide 

[ICDD-04-019-8823]. Figure S1b shows the Raman spectra where a broad peak was observed 

around 500 cm -1, which signifies the presence of an M-O-M bond (M: Co/Ni/Mn).[77,78] These 

results confirm that M(OH)2 nanosheets (M: Co, Ni, Mn) along with the intermediates were 

obtained after the hydrothermal treatment. The thermal decomposition of these intermediates 

during annealing leads to the release of NH3, ONO-, NO3
- and CO2 leaving behind porous 

trimetallic oxide-hydroxide nanosheets[79,80].  
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Figure 1. Schematic of the synthesis of porous trimetallic oxide-hydroxide hybrid. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. (a-b) SEM, (c) TEM, (d-e) HRTEM image (inset shows the FFT), (f) HAADF image, 

(g) SAED, (h) HAADF image and elemental mapping of (i) Ni, (j) Co, (k) Mn, (l) O for CNM. 

 

Figures 2a and b display the low and high resolutions SEM images of CNM. The image 

comprises sheet-like morphology with individual sheets cross-stacked with others. Figure S2 (a-f) 

displays the SEM images of bimetallic CN, NM and CM. The 2D morphology of CNM is also 

evident from the TEM image in Figure 2c. High-resolution TEM (HRTEM) images in Figure 2d 
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signify the existence of pores uniformly distributed throughout the sheets. The lattice spacing in 

the HRTEM image was observed to be 0.15 nm (Figure 2e), which corresponds to the (440) plane 

of cobalt-nickel manganese oxide.[81] Inset in Figure 2d shows the corresponding Fast Fourier 

Transform (FFT) image where the spots signify the presence of nanoscale crystals. Figure 2f shows 

the high angular annular dark-field STEM images (HAADF-STEM) of another region of a sheet 

which further serve as proof for the existence of pores within the sheets. The ring pattern in selected 

area electron diffraction (SAED) reveals the polycrystalline nature of the nanosheets with the 

presence of the (311) and (440) planes as shown in Figure 2g.[82] Figure 2h shows the HAADF 

image of two overlapping sheets whose elemental mapping is presented in Figure 2(i-l). This 

confirms the uniform/homogeneous distribution of multi-elements (Ni, Co, Mn, and O) along with 

the sheets. The ratio of Ni:Co:Mn was observed to be 1.0:0.3:0.2 from Energy-dispersive X-ray 

spectroscopic analysis (EDS) which is consistent with that obtained from ICPMS studies. The ratio 

is found to be 1.0:0.33:0.22 from ICPMS studies. The elemental composition for bimetallic system 

was found to be 1.0:0.18 (Ni: Mn) for NM, 1.0:0.45 (Co: Mn) for CM, and 1.0:0.67 (Co: Ni) for 

CN.  

  The N2 adsorption-desorption isotherm and pore size distribution for CNM are shown in Figure 

S3a and S3b. The adsorption-desorption isotherm suggests type IV isotherm. The BET surface 

area is estimated to be 127.094 m²/g with average pore size of 4.08 nm is observed. This suggests 

high surface area that allow easy access to electrolyte.  

   XPS studies were carried out to analyze the surface composition and bonding state. All the peaks 

have been charge-corrected using C1s as the reference at 284.6 eV.[83] Figure 3a presents the XPS 

survey spectra and  Figure 3(b-g) displays the high-resolution XPS (HRXPS) spectra 

corresponding to Co2p, Ni2p, Mn2p and O1s for CNM, respectively. The HRXPS of Co2p, Ni2p, 
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Mn2p, C1s and O1s for bimetallic (CN, CM and NM) are presented in Figure S4 and S5.  The 

Co2p consists of two spin-orbit coupling 2p3/2 and 2p1/2, which can be deconvoluted into three 

bands each (Figure 3 b, c and Figure S4).[84]  Co2p3/2 for CNM consists of peaks at 779.4, 781.0, 

782.7 eV, corresponding to Co3+, Co2+ and Co2+(Co(OH)2) , respectively. In addition, a satellite 

peak was observed at 785.6 eV.[85] The satellite peak of CNM has a higher binding energy of 0.7 

eV over the bimetallic oxides, suggesting that Co acts as an electron-donating site.[42,86,87] 

Similarly, deconvolution has been performed for Ni (Figure 3d, e and Figure S4). For CNM, Ni 

2p3/2 consists of bands at 853.7, 855.3, and 856.8 eV, which correspond to Ni2+, Ni3+, and Ni2+ 

(Ni(OH)2), together with a shakeup at 860.6 eV.[85] Mn2+, Mn 3+ and Mn4+ were also observed in 

Mn 2p3/2 at 637.1, 641.7, 645.1 eV, respectively along with Mn2p1/2 at 653.2 eV (Figure 3f).[55] 

It was observed that  Ni2p (~0.5 eV w.r.t CN and ~0.2 eV w.r.t NM) and Mn2p (~1.1 eV w.r.t CM 

and  ~0.6 eV w.r.t NM) experience a shift towards lower binding energy for CNM when compared 

to bimetallic system. This implies that these elements behave as electron-accepting sites. 

[42,86,87] Figure 3g and Figure S5 shows O1s spectrum consisting of three bands around 529.1, 

530.7, and 532.4 eV representing lattice oxygen (OL), surface oxygen/vacancy or defects (OV) and 

chemisorbed hydroxyl or organic species (OC), respectively.[88]  The deconvoluted peaks of O1s 

spectra for CNM shifts towards lower binding energy when compared to bimetallic counterparts. 

For OL, the shift is 0.61, 0.26 and 0.49 eV for NM, CM and CN, respectively. This suggests that 

the electron transfer from Co to Ni and Mn occurs via oxygen bridge.[86,89] 

Overall, the XPS study confirms the presence of hybrid oxide and hydroxide components. 

Moreover, the study suggests that there is partial electron transfer from Co to Ni and/or Mn via 

oxygen bridge resulting in the shift in elemental peak position (Co2p, Ni2p, Mn 2p and O1s) for 
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CNM with respect to the bimetallic system. This further suggests the significant electronic 

modulation in the electronic structure in the trimetallic system. [90,91]  
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Figure 3. XPS of (a) survey spectrum (b, c) Co2p, (d, e) Ni2p, (f) Mn2p and (g) O1s for CNM 

(SP: satellite peak, CF: cumulative fit, BG: baseline). 

To have a detailed investigation on CNM, XAS measurements were carried out. The normalized 

XANES spectra of CNM are shown in Figure 4 (a-c) for Co, Mn and Ni K-edge along with their 

respective standards. The absorption edge position of CNM at Co K-edge (Figure 4a) is coinciding 

with Co3O4 (Co2+/Co3+) around 7715 eV and shifted to higher energy as the absorption edge grows. 

This indicates the presence of a mixed oxidation state of Co ions in CNM. Similar behavior has 

also been observed for Mn K-edge (Figure 4b) and the absorption edge of CNM lies in between 

Mn2O3 (Mn3+) and MnO2 (Mn4+). In the case of Ni K-edge (Figure 4c), the absorption spectrum of 

CNM is similar to NiO (Ni2+). However, a small shift in energy adsorption edge (inset in Figure 

4c) is observed signifying the increased average oxidation state of Ni due to the presence of Ni3+ 

on the surface.[4] 
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Figure 4: XANES spectra of CNM along with that of standards at (a) Co, (b) Mn and (c) Ni (inset 

shows the magnified region of CNM Ni edge and NiO standard) K edges. 

The local structure around the absorbing atom is obtained from the quantitative analysis of EXAFS 

spectra [3]. The Fourier transform EXAFS spectra ((R) Vs R) are shown in Figure 5 along with 

that of the corresponding best fits. The Fourier transform spectra shown in Figure 5 are phase 

uncorrected, hence showing the coordination peak at relatively lower distances compared to actual 

bond lengths. The Fourier transform range of 3-11 Å-1 and fitting range of 1-3 Å are used for all 

three absorption edges. The amplitude reduction factors have been obtained from their respective 
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metal standards. The fitting results are shown in Table S1. The first peak around 1.5 Å is the 

contribution of metal-oxygen (M-O). This metal -oxygen bond length is relatively larger for Ni-O 

compared to Co-O and Mn-O. The second peak around 2.5 Å is the contribution of M-M scattering 

and this bond length is similar for all three absorption edges. The scatterer responsible for the 

second peak cannot be differentiated between Ni, Mn and Co due to similar scattering factors of 

nearby atomic numbers. 
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Figure 5: Fourier transformed EXAFS spectra of CNM at (a) Mn, (b) Co and (c) Ni K-edge where 

the experimental spectrum is represented by scattered points and theoretical fit is represented by 

solid lines. The inset of each figure shows corresponding k-space spectrum and its fitting. 

 3.1 Oxygen electrochemistry: 

To study the potential applicability of the electrocatalyst in the water oxidation reaction, linear 

sweep voltammetry (LSV) measurements were carried out at a rotation speed of 1600 rpm and a 

scan rate of 5 mV/s.   

Loading optimization for CNM is shown in Figure S6. At lower catalyst loading on glassy carbon 

electrode, the number of the active site of the catalyst is limited, which has resulted in the low 

OER performance. With the increase in loading (until optimized loading is achieved at 0.22 

mg/cm2), the number of active sites increases leading to an increase in OER activity. Further 

increase in the loading hinders activity due to delay in electronic communication between the 

glassy carbon electrode and electrocatalyst.[61,93] The OER polarization curves for CNM, NM, 

CM, CN, and RuO2 for the optimized catalyst loading (@ 0.22 mg/cm2) are presented in Figure 

6a. The iR-corrected OER curves are presented in the inset. Current density measurements can 

contribute from both catalysis and material corrosion. Corrosion occurs when transition metals 

undergo electrochemical dissolution. According to E-pH diagram, transition metal oxides/ 

(oxy)hydroxides are thermodynamically stable at pH ≥ 7 in anodic potential. [83] As a result, they 

are often used as the passivation layer to prevent corrosion of various transition metal based non-

oxide catalysts in OER.[94] Therefore, the contribution from material corrosion in the current 

density can be ignored in our study. Figure S7 and 6b compare the onset and overpotential for 

these electrocatalysts. It was observed that the trimetallic system shows enhanced activity with a 
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low onset (247 mV @ 2 mA/cm2) and overpotential (287 mV/s @ 10 mA/cm2), which compare 

favorably with the commercially available OER catalyst, RuO2. The onset and overpotential were 

observed to be lowest for CNM and highest for CN (CNM < NM < CM < CN). The overall 

performance of our electrocatalysts is presented in Table 1. Figure 6c shows the Tafel slope, which 

is low for CNM suggesting that trimetallic nanosheets offer the best OER kinetics. The 

performance comparison with the reported trimetallic system is presented in Figure 6d and Table 

S2. The Faradaic efficiency of the electrocatalyst is estimated using the RRDE setup as described 

in the supplementary information.[95–97] The highest Farradaic efficiency of 99.93 % is achieved 

at an applied potential of 1.496 V vs RHE (Figure 6e). At higher disk potential, Faradaic efficiency 

decreases due to the rise in undissolved oxygen bubbles that hinder efficient collection by the Pt 

ring electrode. The decrease in Faradaic efficiency with increasing disk potential has also been 

reported earlier.[95,96] Further, the amount of oxygen evolved at 1.496 V vs RHE is evaluated 

using the Equation 1 and presented in Figure S8.[98] 

NO2 
(mol) =  

ƞF  × I (A) × t (s)

4 × 96485 (C mol−1)
                                                                                                       (1) 

Where, ƞ𝐹 and I signify Faradaic efficiency and current at 1.496 V vs RHE, respectively; t is time.  
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Figure 6. (a) OER polarization curve without iR correction and with iR correction (inset), (b) onset 

and overpotential for iR corrected OER curve and (c) Tafel slope for CNM, NM, CM and CN, (d) 

comparison with the recently reported trimetallic system, (e) Faradaic efficiency (f) AST, (g) 

chronoamperometric study, and (h) poisoning study (CMNP: poisoned CNM and CNMW: 

poisoned samples washed) for CNM. 

Table 1. Performance of all the electrocatalysts. 

Electrocatalyst                          2(mV)                            10(mV)                 Tafel slope (mV/dec) 

CNM                                        247                                   287                                      53 

NM                                           341                                   389                                      66 

CM                                           355                                   406                                      68 

CN                                            395                                   464                                      97                

    Figure 6f shows the accelerated stability test (AST) in the potential range of 1.25-1.65V for 

8000 cycles where no significant change in current density profile was observed, signifying the 

excellent operational stability after the catalyst is activated. To evaluate the practical application 

of CNM, the chronoamperometric study (I-t measurement) is performed at 1.822 V (J ~  200 

mA/cm2) and the results are provided in Figure 6g. Only ~3  % decrease was observed after 20 h 

of electrolysis. For comparison, the chronoamperometric measurement was also carried out for 

RuO2. Close to 50 percent decrease in current density was observed for RuO2 after 20 h (Figure 

6g) of electrolysis whereas negligible change (~3 percent) was observed for CNM. This reveals 

the appreciable durability of CNM, which can be potentially used for practical electrocatalytic 

water splitting. 
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 The morphology and structure of the electrocatalyst were evaluated after the durability test. The 

SEM image shown in Figure S9  and TEM images shown in Figure S10 (a, b) reveal that the sheet-

like morphology is retained after long-term electrolysis. Figure S10c represents the HRTEM image 

of the post electrolysis with d-spacing of 0.479 nm which closely resembles (111) phase of Ni-Co 

oxide.[99]  The XRD result presented in Figure S11 signifies that MOOH (M: Co/Ni/Mn) is 

formed. It is well accepted that transition metal oxide/hydroxide converts into more active MOOH 

during oxygen evolution reaction. [100] The formation of MOOH, which has a higher oxidation 

state is further verified by the positive shift in high-resolution XPS spectra of Co, Ni and Mn 

presented in Figure S12.[66]  

   The OER activity is also checked in 0.1 M NaOH and presented in Figure S13a. At low NaOH 

concentration, OER performance decreases due to increase in energy barrier which results in poor 

reaction kinetics. Figures S13b represents the linear sweep voltammetry (LSV) measured in OER 

potential regime at neutral media (pH 7). It is observed that the OER performance of CNM in 

neutral media is much inferior to that of alkaline condition. This signifies the suitability of CNM 

for OER in alkaline media. 

   To illustrate the importance of metal nanocentres, a poisoning study was carried out in 10 mM 

cyanide environment. As shown in Figure 6h, the current drastically decreased by 92.5 %. This 

suggests that metals interact with the highly electronegative CN- resulting in the muting effect of 

the active sites.[101,102] Moreover, the onset potential increased by 36% in 40 cycles (@ 1.822V) 

when the catalyst was subjected to cyanide solution. Cyanide with highly active electronegative 

CN- moieties bind with metal atoms or ions to form metal cyanide complex. [103] Increase in 

adsorption energy (ΔEads) of reactive species or reaction intermediates on the active sites for the 

cyanide modified electrocatalysts was observed for ORR. [102] Therefore, it is likely that the 
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adsorption energy of the reactant species/intermediates (O*/OOH*) increases for the cyanide 

modified catalyst for OER.  Besides, the increase in charge transfer resistance (Rct) after the 

poisoning is observed from the Nyquist plot in Figure S14. Therefore, the increase in onset 

potential can be ascribed to the deterioration in the intrinsic activity when the catalyst is subjected 

to cyanide poisoning.  

   Repeated washing of the electrocatalyst with DI water leads to the slow recovery of the catalyst 

performance. Ni-cyanide are weakly complexed cyanide.[104] When washed with DI water (by 

rotating the electrode in water), these cyanide complexes undergo dissociation and releases free 

cyanide into the water, [104] leaving behind the metal ions available for water oxidation.[61] 

Hence, repeated washing of the electrocatalyst with water leads to recovery of the catalyst 

performance. 

3.2 Mechanistic investigation: 

OER performance is governed by extrinsic activity (electrochemically active surface area, ECSA) 

and intrinsic activity (conductivity, reaction kinetics and adsorption energy of reaction 

intermediates). To understand the root cause behind the better OER performance by CNM, firstly 

double-layer capacitance (Cdl) is deduced from cyclic voltammetry (CV in Figure S15) curve in 

the non-faradaic region (Figure 7a) to obtain ECSA. The Cdl was observed to be maximum for 

CNM. This suggests that CNM has the largest number of electrochemical active sites for water 

oxidation as electrochemical surface area is directly proportional to Cdl.[105–108] This is also 

evident from the ECSA calculated from the relation presented in Equation 2 and is found to be 

1.40, 1.23, 1.31 and 1.35 cm2 for CNM, NM, CM and CN, respectively. ECSA is given by 
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ECSA =
Cdl

Cs
∗ S                                                                                                                                             (2) 

where Cs represents the standard capacitance of the atomically flat surface per unit area (0.04 

mF/cm2) under the same experimental conditions and S is the geometric surface area. 

 

 

 

 

 

 

                                                                                           

 

  

 

 

 

 

 

R1 C1

R2

Element Freedom Value Error Error %

R1 Free(+) 8.016 0.13934 1.7383

C1 Fixed(X) 2.2199E-08 N/A N/A

R2 Fixed(X) 9.314 N/A N/A

Chi-Squared: 0.0026088

Weighted Sum of Squares: 0.023479

Data File: C:\Data\CNM\Applied Materials Today\Editors and Reviewer's comment\Impedance\CNM NEW SAMPLE\FE\For RC\CNM NEW SAMPLE\FE\for RC calculation\0.4 V.txt

Circuit Model File: C:\Data\CNO+DCM+CP+NP\cpnpcnodcm\cpnpcnodcm\CNO STARTING\IMP\0 v.mdl

Mode: Run Fitting / Freq. Range (0.001 - 1000000)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus

0 20 40 60 80 100
0.00

0.02

0.04

0.06

0.08

0.77 mF/cm
2

0.75 mF/cm
2

0.70 mF/cm
2

CNM

 NM

 CM

 CN


J
 (

m
A

/ 
c

m
2
)

Scan rate (mV/s)

0.80 mF/cm
2 a

0 4 8 12 16 20 24 28
0

4

8

12

16

20

24

28

-Z
''
 (

W
)

Z' (W)

 CNM

 NM

 CM

 CN

b

V (RHE) 

E0
redox 

 

CN 

V (RHE) 

 

CNM 

d 

CB 

VB 

CB 

VB 

EF 

EF 

EF 

E0
redox 

1.2 1.25 1.3 1.35 1.4
0

2

4

6

8

10

12

14

1
/C

2
 (

1
0

9
 F

-2
)

Potential (V) vs RHE

 CNM

 NM

 CM

 CN

c



 

 

 

22 

 

 

 

    

 

 

 

 

 

 

 

 

 

Figure 7. (a) Double-layer capacitance (Cdl), (b) Nyquist plot (inset shows the equivalent circuit 

for CNM, where R1 is solution resistance and R2 is charge transfer resistance (Rct)), (c) Mott-

Schottky plot, (d) energy band diagram for CN and CNM, (e) energy band diagram at open circuit 

condition and V > VF for p-type semiconductor, (f) Rct vs flat-band potential, (g) Cdl normalized 

onset and overpotential vs flat-band potential and (h) OER polarization curve measured in 1M 

NaOH and 1M NaOH + 1 M methanol. 
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   Impedance studies were carried out to investigate the interface behavior. Figure 7b presents the 

Nyquist plots for the as-synthesized electrocatalysts (inset shows the equivalent circuit for CNM). 

The charge transfer resistance followed the order of CNM < NM < CM < CN, which agrees with 

the OER performance. 

   To have an insight on the charge transfer behavior, Mott-Schottky analysis was carried out to 

determine the flat-band potential. Mott-Schottky model gives the capacitance at the space-charge 

region (C) and is related to the flat-band potential via Equation 3 (p-type semiconductor). The 

negative slope in Figure 7c signifies the p-type behavior for all the electrocatalyst. The intercept 

on the x-axis gives the flat-band potential. 

1

C2
=

2

∈∈0 eA2NA
(V − VF −

kT

e
)                                                                                                       (3) 

where ∈ is dielectric constant, ∈0is vacuum permittivity, e is charge of the electron, A is the surface 

area of the electrode, NA is acceptor density, V is applied potential and VF is the flat-band potential. 

The flat-band potential is the potential of the semiconductor band (valence band for p-type) edge 

measured against a reference electrode in the solution when no band bending occurs.  

   In a semiconductor-electrolyte junction, band bending occurs so that both the Fermi level lies in 

the same energy level (Figure 7d). A region is formed at the semiconductor surface that is depleted 

of the majority charge carrier (equilibrium condition). The amount of band-bending (built-in-

potential/ potential barrier) is given by ø = V-VF, where V and VF represent the applied and flat-

band potentials, respectively.[109] When a positive potential is applied to a p-type semiconductor 

(equilibrium is disturbed), the potential barrier is reduced and the charge carrier starts to flow from 

semiconductor to electrolyte. When a potential greater than flat-band potential is applied, energy 
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levels rearrange so that an accumulation region is formed (Figure 7e). As this layer is rich in charge 

carrier, efficient charge exchange between semiconductor and electrolyte followed by surface 

reaction occurs. Therefore, a smaller ø makes it easier to start a reaction.[109] In other words, 

higher flat-band potential signifies more positive redox potential. This would lead to a higher 

affinity of the semiconductor towards electrons and result in efficient charge transfer at the 

electrode-electrolyte interface. Interestingly, the flat-band potential presented in Figure 7f follows 

the order CN < CM < NM < CNM, which agrees with the charge transfer resistance.  The charge 

density was also calculated from the slope of the Mott-Schottky plot (assuming same A and   for 

all the electrocatalyst) and is normalized with that of CM presented in Figure S16. Though the 

charge density obtained was low for CNM, its better OER activity signifies the importance of flat-

band potential in the OER kinetics. The above explanation can also be justified using Equation 4, 

which indicates that the surface carrier concentration (ps for p-type semiconductor) depends on 

the acceptor concentration in the bulk (p, built-in-potential (ø), and applied potential (V).[110]  

ps = p exp[−e(δø − V)/KT]                                                                                                            (4) 

   The present study suggests that the low built-in-potential acts as a driving force resulting in a 

higher surface charge concentration available for reactions. In other words, the low built-in 

potential leads to a higher probability of hole transfer from semiconductor to the electrolyte for 

CNM. 

   The best conductivity of CNM is also evident from the quasi-reversible [Fe(CN)6]3-/4- redox 

study presented in Figure S17. The current is maximum and redox peak separation (E= EO-ER, 

EO = oxidation potential and ER = reduction potential) is minimum for CNM, suggesting its better 

reversibility and easier charge transfer at the interface. Hence, the highest flat-band potential 
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results in a better electronic conductivity (minimal charge transfer resistance), minimal onset and 

overpotential for CNM.  Figure 7f and Figure S18 present a linear dependency of charge transfer 

resistance and Tafel slope on the flat-band potential that signifies the importance on the OER 

kinetics. The study suggests that intrinsic activity is governed by conductivity (kinetics) and 

adsorption energies of OER intermediates (thermodynamics).[36]  To visualize the impact of flat-

band potential on intrinsic activity,  onset and overpotential (calculated after iR correction 

followed by normalizing with ECSA) is plotted with respect to the flat-band potential. The 

onset/overpotential was observed to decrease with increasing flat-band potential (or decrease in 

charge transfer resistance) while a sudden drop was observed in the case of CNM (Figure 7g). 

Moreover, the onset potential, overpotential, and charge transfer resistance decrease with an 

increase in flat-band potential, following a similar trend for the adsorption energy. When a metal 

is in contact with an electrolyte, most of the potential drops at the interface occur in the Helmholtz 

region (electrolyte phase). It may be noted that potential drop occurs in both the semiconductor 

and solution side across the semiconductor-electrolyte junction. In the semiconductor side, the 

potential drop occurs in the space charge region and leads to band bending, while the potential 

drop occurs in Helmholtz and Gouy-Chapman layer in the solution side. As our electrochemical 

measurements were carried out in 1 M NaOH, the contribution from the Gouy-Chapman layer can 

be ignored.[111] However, the contribution from the Helmholz layer is significant at accumulation 

condition when the applied potential is greater than flat-band potential (V>VF) and the potential 

drop shifts from space charge region to the Helmholz layer. Therefore, electrocatalysts with 

optimum adsorption energy for ions (OH-/reaction intermediates) are beneficial for enhanced OER 

performance.  
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It is also understood that the three-component system reduces the overpotential by preventing the 

extreme adsorption of intermediate species like OH, O and OOH.[36,43,59,112]  Introduction of 

high valence state elements is proven to improve the OER performance by optimizing the 

adsorption energy of reaction intermediates. [66] Therefore, the sudden dip in onset 

potential/overpotential for CNM in Figure 7g can be ascribed to the reduced energy barrier for 

reactant species or intermediates in addition to minimal charge transfer resistance.  

The widely accepted OER mechanism is the Adsorbate evolution mechanism (AEM) and the 

corresponding reaction steps are given in Equation 5 to 8.[113]  

  OH− + ∗ →  HO∗ +  e−    (Step 1)                                                                                                       (5) 

HO∗ →  O∗ +  e− +  H+    (Step 2)                                                                                                       (6) 

O∗ +  OH−  →  HOO∗ +  e−    (Step 3)                                                                                                (7) 

HOO∗  → ∗  + O2 +  e− +  H+      (Step 4)                                                                                         (8) 

Therefore, the intermediate for OER includes HO*, O*, and HOO*. In AEM, ∆GO∗ −  ∆GHO∗ 

(difference in adsorption energies of *O and *OH) is the descriptor that is used in predicting the 

OER activity.[69,113] The equilibrium potential for steps 1, 2, 3 and 4 are E1
0, E2

0, E3
0 and E4

0, 

respectively and presented by Equation S2 to S5. The overpotential is sum of all the elementary 

steps.  

Methanol oxidation reaction (MOR) is proven to be a reliable method to probe the  OH*.[114] 

MOR for CNM is carried out and the result is presented in Figure 7h. Methanol reacts with 

electrophilic OH* and form aldehydes. Therefore, the onset potential (VNaOH+methanol at ~ 1 

mA/cm2) of MOR that signifies the adsorption potential of OH* intermediate is found to be 1.367 
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V vs RHE for CNM. In Figure 7h, as the onset of the MOR lies before that of OER (VNaOH = 1.459 

at 1 mA/cm2) signifies that the second elementary step that transform OH* to O* is the rate 

determining step.  It is also proposed that, if step 2 is the rate determining step, the potential 

corresponding to OER onset potential is required to transform OH* to O*. Therefore, the 

adsorption energy of OH* and O* is 1.367 and 2.826 eV, respectively. 

According to the Sabatier principle, the binding of the reaction intermediates should be optimum 

for efficient reaction. One of the strategies to regulate the electronic structure to have an optimized 

∆GO∗ −  ∆GHO∗ is to introduce a foreign element. It is realized from various reports that when 3d 

transition metals with high valence states (like V or Cr) are incorporated into Ni/Fe/Co based 

binary oxides or hydroxides, the M (M: V or Cr) sites are seen to have short M-O and optimum 

binding strength for OER intermediates, hence serve as the active sites [115][86] 

Besides, the best oxygen evolution electrocatalyst should have eg occupancy of 1.2 which signifies 

effective adsorption of reactant molecules/intermediates. eg occupancy of 0 implies too strong 

whereas that of 2 signify too weak bonding with adsorbed oxygen species. Ni3+ and Mn3+ have 

t2g
6eg

1 and t2g
3eg

1 i.e eg orbital occupancy close to unity [103] whereas Co3+ has t2g
6eg

0. Doping 

high valence transition (3d, 4d or 5d) metals stabilize the active state of 3d metals (eg. Ni3+ for Ni). 

[116,117] They tends to withdraw electrons from the active 3d metals and allow them to stay in 

their high valence state (eg. Ni3+ for Ni) that are considered active sites for OER. 

It is understood that shorter M–O bond is beneficial from the adsorption of OER intermediates. 

[118,119] From the EXAFS analysis, it is evident that the Co-O (1.91±0.02 Å) and Mn-O 

(1.92±0.01 Å) has shorter bond length compared to Ni-O (2.05±0.01 Å). Further, from the HRXPS 

analysis of sample post OER (Figure S12), the significant shift towards higher binding energy for 
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Mn and Co was observed which is an indication of shrinkage of Mn-O and Co-O bond-length 

during OER.[86,115]  This signifies that Mn and Co get activated for participation in the 

OER.[86,92,115,120] Subsequently, a relatively small shift in peak position to higher binding 

energy for Ni (Ni2+) is visible. This suggest that Mn being high valence element can stabilize the 

Ni3+ and maintain the optimum adsorption of reaction intermediates for OER.[67] Therefore, Mn, 

Co and Ni can synergistically promote OER in CNM. 

In order to understand the kinetics of OER, polarization curves were obtained at different 

temperature to calculate activation energy (Ea) . Ea signifies the kinetic barrier for the reaction 

which is calculated using Arrhenius equation (Equation 9).[102,113]  

ln  (J) = ln  (A) −
Ea

R
 (

1

T
)                                                                                                               (9) 

Where J = magnitude of current density at 1.822 V vs RHE, A = exponential factor, R = Gas 

constant = 8.314 J mol-1 K-1, T = Absolute temperature in Kelvin. Detailed calculation of Ea  has 

been presented in Supplementary information.  
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Figure 8. (a) Arrhenius plot for CNM, (b) Ea, (c) Tafel slope vs Ea and (d) onset potential and 

overpotential vs Ea for CNM, NM, CM and CN. 

Figure 8a and Figure S19 represents Arrhenius plot for all the electrocatalysts and the obtained Ea 

has been summarized in Figure 8b. The lowest Ea observed for CNM signifies the presence of 

active sites with higher catalytic activity due to minimum kinetic barrier for OER. Figure 8c gives 

a linear correlation between the Tafel slope (a parameter signifying reaction kinetics) and Ea. 

To realize the impact of Ea on the intrinsic activity, the onset potential and overpotential as a 

function of Ea is plotted that reveals a linear correlation for the bimetallic system whereas a sudden 

decrease in the onset and overpotential for CNM was observed. This validates the improved OER 

activity for the trimetallic system over the bimetallic counterparts due to superior reaction kinetics 

which is a measure of intrinsic activity. 

We have also evaluated kinetic parameters such as exchange current density (J0), transfer 

coefficient (α), and forward rate constant (kf).[122–124] The details of the procedure is presented 
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in the supplementary information. The exchange current density implies the current flowing per 

unit area in both directions between the electrode-electrolyte at equilibrium. The J0 for CNM 

(obtained from Figure S20) is 4.443 ×  10−5 mA cm-2. Transfer coefficient  defines the reaction's 

direction and is between 0 to 1 where ∝ value of 0 signifies reactant like whereas 1 implies product 

like. The value of ∝ evaluated using Equation S8 is ~ 1. The kf for CNM is presented in Figure 

S21c (obtained from Figure S21a,b) . The kf at various overpotentials for CNM have been found 

to be in the range ~10-3 -10-2 cm-1s-1. 

   Overall, the study proves that trimetallic cobalt, nickel, and manganese oxide-hydroxide 

nanosheets possess superior water oxidation performance due to the presence of a higher number 

of electrochemically active sites and better intrinsic activity (better conductivity and reduced 

energy barrier). 

4. Conclusion 

   In the present work, we have synthesized cobalt-nickel and manganese oxide-hydroxide porous 

nanosheets via a simple hydrothermal route. The role of intrinsic activity on their electrochemical 

performance has been clarified. The study concludes that the position of flat-band potential plays 

a significant role in determining the OER activity. High flat-band potential is responsible for 

reduced charge transfer resistance or better conductivity at the electrode-electrolyte interface. 

Introducing third element results in reduction of kinetic energy barrier for water oxidation. These 

in turn lowers the onset and overpotential. In this study, the trimetallic nanosheets offer the best 

OER activity due to the presence of more active sites and better intrinsic activity which in turn is 

the consequence of higher flat-band potential and lower activation energy compared to their 

bimetallic counterpart. As a result, cobalt nickel and manganese oxide-hydroxide nanosheets offer 
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low onset and overpotential of 247 (@ 2 mA /cm2) and 287 mV (@ 10 mA /cm2), respectively. 

Mn, Co and Ni synergistically are responsible for enhanced OER activity. The trimetallic CNM 

has exceeded the performance by the commercially available semi-noble metal oxide, RuO2 in 

terms of activity and durability. The present study not only sheds light on the impact of electronic 

modulation in the electrochemical water oxidation reaction but also opens up a new avenue to 

design efficient electrocatalysts by tuning their electronic structure. 
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