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Abstract 

Electrocatalytic oxygen evolution reaction (OER) is of importance for many renewable energy 

technologies. Developing a cost-effective electrocatalysts with high performance remains a great challenge. 

Here, we successfully demonstrate our novel interface catalyst comprised of Ni3Fe1-based layered double 

hydroxides (Ni3Fe1-LDH) vertically immobilized on two-dimensional MXene (Ti3C2Tx) surface. The 

Ni3Fe1-LDH/Ti3C2Tx yielded an anodic OER current of 100 mA cm-2 at 0.28 V versus reversible hydrogen 

electrode (RHE), nearly 74 times lower than that of the pristine Ni3Fe1 -LDH. Furthermore, the Ni3Fe1-

LDH/Ti3C2Tx catalyst only require an overpotential of 0.31 V versus RHE to deliver an industrial-level 

current density as high as 1000 mA cm-2. Such an excellent OER activity was attributed to the synergistic 

interface effect between the Ni3Fe1-LDH and Ti3C2Tx. Density functional theory (DFT) results further 

reveal that Ti3C2Tx support can efficiently accelerate the electron extraction from Ni3Fe1-LDH and tailor 

the electronic structure of catalytic sites, resulting in the enhanced OER performance.  
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Electrocatalytic oxygen evolution reactions (OER) have been considered core reactions in renewable 

energy conversion and storage devices, such as water electrolyzers and metal-air batteries.1-13 However, the 

OER process suffers from sluggish kinetics due to the complex multi-electron transfer during the 

electrochemical the process (4OH- + 4e → 2H2O + O2).14-15 Improving the process requires development of 

high-efficiency electrocatalysts, these catalysts will significantly lower the activitaion energy required to 

break apart O-H bonds while forming new O=O double bonds and is critically important to accelerate the 

OER kinetics. Until now, NiFe-based layered double hydroxides (NixFey-LDHs) have been regarded as 

promising non-noble OER catalysts due to their earth abundance, high catalytic activity, and good 

stability.16-19 Previous studies of NixFey-LDHs showed that the Fe3+ dopant can increase the conductivity 

and accelerate charge transfer from Fe sites to Ni active centers, leading to the improvement in OER 

catalytic performance.20 Friebel et al. demonstrated that Fe3+ in NixFey OOH occupies octahedral sites and 

shortens the metal-O bond distances, optimizes the adsorption energy of OER intermediates, and results in 

a low overpotential for oxygen evolution.21 However, the previously-reported OER performance is still far 

from achieving an industrially-relevant current density of 1000 mA/cm2 due to intrinsically poor 

conductivity, low active catalytic site availability, and a strong tendency of the NixFey-LDHs catalysts to 

aggregate. Therefore, developing noble-metal free NixFey-LDH based electrocatalysts with excellent OER 

performance is imperative, but quite challenging. 

Recently, transition-metal-based two-dimensional (2D) materials have gained considerable research 

attention due to their distinctive physical and chemical properties arising from their unique thickness and 

rich surface functionalization.22 It is known that the active sites of most transition-metal-based 2D materials 

are located at the edge sites. Hence, activating these edge sites is vital to further enhance the catalytic 

activity of 2D electrocatalys.23-24 Additionally, these exposed metallic centers can be used as coordinative 

sites that not only decrease the energy barrier of subsequent electrochemical reactions, but also enhance the 

capture ability of electrolyte ions, resulting in an improvement of electrochemical reaction kinetics.25 

Recently, considerable efforts have been focused on immobilization of earth-abundant 2D catalysts onto 

conductive substrates to significantly improve catalytic performance.26-30 These results show that solid 

supports can efficiently stabilize the 2D electrocatalyst structure, resulting in increased performance 

through highly exposed surfaces, and improved conductivity that enables fast charge transfer. This 

highlights the effect of solid supports on improving catalytic activities of 2D electrocatalysts. 

Pioneered by Gogotsi and co-workers,31 MXene, a novel family of transition metal 

carbides/nitrides/carbonitrides, has attracted significant research interest for their potential energy-related 

applications, particularly in super-capacitors and batteries.32-39 MXene has a general formula of Mn+1XnTx, 

where M represents an early transition metal, X for carbon or nitrogen, and T stands for the functional 
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groups such as -OH, -O, -Cl, and –F. MXenes are particularly well-suited for energy and catalytic 

applications, due to their high electron conductivity and highly hydrophilic surfaces, with the Ti3C2Tx 

analog being particularly well-regarded as a promising candidate to support metallic electrocatalysts.40-42 

Recently, Yue et al. successfully immobilized NiCoP on Ti3C2Tx nanosheets through an in-situ interface-

growth strategy combined with subsequent phosphorization, by virtue of the rich functional groups on the 

Ti3C2Tx surface.43 The resultant NiCoP was vertically grown on a planar Ti3C2Tx surface, thus producing 

more catalytic sites. Such a novel structure efficiently accelerates charge transfer and enhances synergistic 

effects between NiCoP on Ti3C2Tx, resulting in improved catalytic performance.43 Inspired by these unique 

properties of Ti3C2Tx, we designed a novel strategy to immobilize NixFey-LDH on Ti3C2Tx and constructed 

well-defined hierarchical 2D sandwich structures for electrocatalytic water oxidation. In this work, Ti3C2Tx 

served as a 2D substrate not only to enhance the conductivity of the electrocatalyst, but also enabled NixFey-

LDH to be vertically-grown on the Ti3C2Tx surface, thus supplying more catalytic sites for subsequent water 

oxidation. In addition, the Ti sites on Ti3C2Tx were used as donor sites to stabilize the Ni3+ in NixFey-LDH. 

As a result, these novel NixFey-LDH/Ti3C2Tx catalysts show excellent catalytic activity, fast kinetics, and 

good stability towards water oxidation in alkaline and neutral medium. Significantly, the NixFey-

LDH/Ti3C2Tx catalysts delivered industrially-relevant current densities as high as 1000 mA cm-2 at a low 

overpotential of 0.31 V vs RHE for 20 h. 

X-ray diffraction (XRD) and x-ray photoelectron spectroscopy (XPS) were used to characterize structures 

of the obtained Ni3Fe1-LDH/Ti3C2Tx as compared with that for bare Ti3C2Tx. As shown in Figure 1a, the 

broadening of the peak at the (00l) plane for Ti3C2Tx was attributed to the Al layers being selectively etched 

from the pristine Ti3AlC2 phase, and shows that the interlayer distance was enlarged after etching. Upon 

immobilization of Ni3Fe1-LDH on the Ti3C2Tx, a set of new peaks appeared at 11.37°, 23.32°, 34.25°, 37.95°, 

and 55.65°, these were assigned to the (003), (006), (012), (015), and (018) planes of the Ni3Fe1-LDH phase, 

respectively. The disappearance of the peak at (00l) from the Ti3C2Tx XRD spectrum suggests the 

suppressed restacking of Ti3C2Tx sheets by Ni3Fe1-LDH nanostructures standing on the surface. It is noted 

that the Ni3Fe1-LDH/Ti3C2Tx XRD spectrum exhibits weaker signals and a higher signal-to-noise ratio 

compared to the pristine Ti3AlC2 phase. This, along with the disappearance of some of the apparent peaks 

from the pristine sample, are attributed to an increased distance between the layers and possibly the partial 

collapse of the Ti3AlC2 structure during the delamination and solvothermal processes. XPS was further used 

to characterize the valence state and chemical composition of the as-prepared Ni3Fe1-LDH/Ti3C2Tx. As 

shown in Figure S1, the high-resolution C 1s XPS spectra were divided into C-C (284.6 eV), C-O (285.9 

eV), and O-C-O bonds (288.7 eV). For the Ti 2p core level in Figure 1b, three doublets were observed at 

458.9, 460.1, and 464.8 eV, which correspond to Ti−O 2p3/2, Ti−F, and Ti−O 2p1/2, respectively. Moreover, 

Figure 1c exhibits the Ni 2p3/2 region, where the peaks at 855.9 and 861.8 eV were attributed to Ni 2p3/2 
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and its satellite.44 For the high-resolution XPS spectrum of Fe 2p3/2 core-level, the binding energies of Fe3+-

O and Fe3+-OH occur at 709.2 and 714.5 eV, suggesting that Fe is in the oxidation state in NiFe-LDH.45 

Overall, our XRD and XPS results confirm that Ni3Fe1-LDH/Ti3C2Tx has been successfully formed.  

 

 

Figure 1. (a) XRD patterns for Ti3C2Tx and Ni3Fe1-LDH/Ti3C2Tx. (b-d) High-resolution XPS spectra of Ti 

2p, Ni 2p3/2 and Fe 2p3/2 for Ni3Fe1-LDH/Ti3C2Tx. 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were used to 

characterize the morphology of the as-prepared Ni3Fe1-LDH/Ti3C2Tx. Three-dimensional interconnected 

Ni3Fe1-LDH nanoplates were found to be vertically oriented on surface of Ti3C2Tx sheets, as shown in 

Figure 2a. TEM results in Figure 2b show the formation of loosely packed Ni3Fe1-LDH nanoplates with 

very thin thickness of several nm on Ti3C2Tx surface. Furthermore, high-resolution TEM (HRTEM) in 

Figure 2c shows that the interlayer spacing was 0.25 nm, which corresponds to the (012) crystal plane of 

NiFe-LDH. The HRTEM results suggest the crystalline nature of the as-synthesized Ni3Fe1-LDH 

nanoplates, which is agreement with that of the XRD diffraction peak at 34.25o. In addition, the elemental 

mapping images in Figure 2d show spatial distributions of Ti, C, O, Ni, and Fe. Overall, these structural 

and morphological analyses indicate that the Ni3Fe1-LDH were vertically grown on Ti3C2Tx surfaces. Such 
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a unique 3D structure can provide favourable mass diffusion, fluent electron transport channels, and shorten 

ion diffusion during the OER process.  

 

 

Figure 2. (a) SEM image, (b-c) TEM images and (d) elemental mapping results of Ni3Fe1-LDH/Ti3C2Tx. 

Scale bars: 200 nm (a-b); 5 nm (c); 5 μm (d). 

The OER performance of NixFey-LDH/Ti3C2Tx was evaluated by a standard three-electrode cell in an 

O2-saturated 1.0 M KOH solution. The effect of Ni/Fe molar ratio on determining oxygen performance has 

firstly explored. As shown in Figure S2, cataltyic performance of the NixMoy/Ti3C2Tx catalytic system at 

different ratios of Ni to Mo. Among the all NixFey-LDH/Ti3C2Tx system, the as-synthesized Ni3Fe1-

LDH/Ti3C2Tx demonstrate the highest OER current density, suggesting the Ni/Fe mole ratio can efficiently 

determine OER activity and the optimal Ni:Fe mole ratio is 3:1, which was close to the value of 2.89:1 from 

our inductively coupled plasma optical emission spectroscopy (ICP-OES) measurements, as shown in 

Table S1. The measured ratio was close to the initially added mole ratio of Ni to Fe. Furthermore, the 

catalytic performance of Ni3Fe1-LDH with various amounts on Ti3C2Tx solid support were carried out. With 

the molar amount of Ni3Fe1-LDH increasing, the OER catalytic performance of Ni3Fe1-LDH/Ti3C2Tx 

initially enhances, and the best catalytic performance was achieved at Ni3Fe1-LDH molar amount of 0.016 

mmol, as shown in Figure S3. Further increasment will yield a decay for catalytic oxygen evolution. 

Therefoe, the optimal Ni3Fe1-LDH/Ti3C2Tx was employed for further OER characterization unless noted 

otherwise. As comparisons, Ni-LDH/Ti3C2Tx, Fe-LDH/Ti3C2Tx, Ni3Fe1-LDH, and Ti3C2Tx were also 

synthesized and examined under the same experimental conditions. The iR-corrected linear sweep 

voltammetry (LSV) curve was obtained by using a scan rate of 5 mV s-1 to minimize the capacitive current 

and all potentials used in this work were evaluated vs RHE. Figure 3a shows iR-corrected LSV curves of 
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Ni3Fe1-LDH/Ti3C2Tx, Ni-LDH/Ti3C2Tx, Fe-LDH/Ti3C2Tx, and pure Ni3Fe1-LDH in 1.0 M KOH solution. 

It is shown that the strongest oxidation peak, at 1.45 V versus RHE, was observed for Ni3Fe1-LDH/Ti3C2Tx 

due to the oxidation reaction of Ni2+ → Ni3+/Ni4+, which is considered to be the most efficient active site 

for catalyzing the OER in an alkaline solution. It is seen that Ni3Fe1-LDH/Ti3C2Tx exhibits the best OER 

performance among all samples. To exclude the anodic current from redox Ni2+/Ni3+,4+, an overpotential for 

producing the current density of 50 mA cm-2 (η50) was used to assess the OER activities for all the samples. 

As shown in Figure 3a, a very low overpotential of 0.26 V versus RHE was required to obtain a current 

density of 50 mA cm-2 for Ni3Fe1-LDH/Ti3C2Tx, while overpotentials of 0.53 and 0.65 V versus RHE for 

Fe-LDH/Ti3C2Tx and Ni-LDH/Ti3C2Tx, respectively, were observed. The addition of oxided Fe ions can 

not only enable the electron-donating ability of the bridging intermediated oxygen species, but also stabilize 

the oxidized Ni lattice during the catalytic reaction.46 More importantly, our Ni3Fe1-LDH/Ti3C2Tx shows a 

superior OER performance over pure Ni3Fe1-LDH. Our Ni3Fe1-LDH/Ti3C2Tx only need overpotentials of 

0.26, 0.27, and 0.28 V versus RHE to deliver 50, 75, and 100 mA cm-2, respectively, which are 55, 64, and 

74 times higher than those for pure Ni3Fe1-LDH. The Ti3C2Tx itself shows a negligible OER property across 

all potential windows in Figure S4, suggesting the enhancement is due to synergestic effects between the 

Ti3C2Tx support and Ni3Fe1-LDH, with the support playing an important role to accelerate the OER activity 

for Ni3Fe1-LDH. Strikingly, the as-prepared Ni3Fe1-LDH/Ti3C2Tx composites display an outstanding OER 

performance at industrially-important current density, rarely achieved in the previous reported literature.47-

53 Even for an industrial current density as high as 1000 mA cm-2, our Ni3Fe1-LDH/Ti3C2Tx catalyst only 

needs an overpotential of 0.3 V versus RHE. On the other hand, pure Ni3Fe1-LDH produced a low current 

density of 83 mA cm-2 at the same potential input. To further compare the intrinsic activities, turnover 

frequency (TOF) of Ni3Fe1-LDH/Ti3C2Tx, Ni-LDH/Ti3C2Tx, Fe-LDH/Ti3C2Tx, and pure Ni3Fe1-LDH were 

calculated. As expected, the as-synthesized Ni3Fe1-LDH/Ti3C2Tx exhibits the highest TOF of 2.4 x 10-1 s-1, 

which is 32, 381, and 387 times higher than those for Ni3Fe1-LDH (7.5 x10-3 s-1), Ni-LDH/Ti3C2Tx (6.3 

x10-4 s-1), and Fe-LDH/Ti3C2Tx (6.2 x10-4 s-1), respectively.  
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Figure 3. (a) LSV curves of Ni3Fe1-LDH/Ti3C2Tx, Ni-LDH/Ti3C2Tx, Fe-LDH/Ti3C2Tx, and Ni3Fe1-LDH in 

O2-saturated 1.0 M KOH. (b) Tafel plots of Ni3Fe1-LDH/Ti3C2Tx, Ni-LDH/Ti3C2Tx, Fe-LDH/Ti3C2Tx, and 

Ni3Fe1-LDH in O2-saturated 1.0 M KOH. (c) EIS spectra for Ni3Fe1-LDH/Ti3C2Tx, Ni-LDH/Ti3C2Tx, Fe-

LDH/Ti3C2Tx, and Ni3Fe1-LDH at 1.558 V vs RHE. (d) Multi-step chronopotentiometry curves of Ni3Fe1-

LDH/Ti3C2Tx with the different current densities from 20 to 100 mA cm-2 for 1.5 h in O2-saturated 1.0 M 

KOH. (e) Chronopotential plot of Ni3Fe1-LDH/Ti3C2Tx in 1.0 M KOH. (f) Comparison of overpotentials of 

selected electrocatalysts to deliver 100 mA cm-2 for OER in 1.0 M KOH.  

 

To reveal the reaction kinetics of OER for the electrocatalyst, Tafel slopes were obtained from their 

corresponding LSV curves by applying the Tafel equation (η = a + b log j, where η, j and b represent 

overpotential, current density, and the Tafel slope, respectively). As shown in Figure 3b, the Ni3Fe1-

LDH/Ti3C2Tx catalyst demonstrates a Tafel slope of 18.1 mV dec-1, which is much lower than those for Ni-

LDH/Ti3C2Tx (150.5 mV dec-1), Fe-LDH/Ti3C2Tx (111.2 mV dec-1), and Ni3Fe1-LDH (59 mV dec-1). Such 

a low value of Tafel slope suggests that the electron transfer process in the reaction (MO + OH- → MOOH 

+ e-, M: Ni or Fe) is the rate-determining step, where a hydroxylation reaction involving OH- forms the 

OOH species.54-55 Electrochemical impedance spectra (EIS) were also carried out to understand the OER 

activity of Ni3Fe1-LDH/Ti3C2Tx. Figure 3c shows the Nyquist plots for Ni3Fe1-LDH/Ti3C2Tx, Ni-

LDH/Ti3C2Tx, Fe-LDH/Ti3C2Tx, and Ni3Fe1-LDH. Our Ni3Fe1-LDH/Ti3C2Tx catalysts exhibit a smallest 

semicircular diameter among all samples, suggesting that a faster charge-transfer rate was achieved for 

Ni3Fe1-LDH/Ti3C2Tx. It is known that OER process suffers from sliggish kinetic rates due to its intrinsic 
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four electron process in alkaline media (4OH- + 4e → 2H2O + O2). The low resistance of our Ni3Fe1-

LDH/Ti3C2Tx catalyst improves charge transfer between the electrode/electrolyte and accelerates the 

intrinsic kinetics for oxygen evolution. Stability of electrocatalyst is one of the most important parameters 

to consider when assessing the potential of electrode materials to be used in commercial applications. 

Multiple-current chronopotentiometry experiments were performed to examine the rapid -response rate of 

carrier migration, as revealed in Figure 3d. Attention was only paid to the relatively high current densities 

from 20 to 100 mA/cm2. The observed change under applied potentials was consistent with their 

corresponding stable current values, confirming excellent mass transportation properties, conductivity, and 

mechanical robustness of the electrode.56-57 Furthermore, controlled-current electrolysis at 100 mA cm-2 

was also carried out to evaluate the durability of the catalysts. Figure 3e shows that our Ni3Fe1-

LDH/Ti3C2Tx can stably produce a current density of 100 mA cm-2 with no apparent degradation observed 

after 100 h. The generated O2 amount well matched the theoretically calculated quantity, where all the 

passed charge was used to catalyze for O2 generation with a Faradaic efficiency close to 100% (Figure S5). 

More importantly, our Ni3Fe1-LDH/Ti3C2Tx catalysts readily drive water oxidation at high current densities 

of 500 and 1000 mA cm-2 at very low potentials of 1.57 and 1.62 V, respectively, as shown in Figures 3e 

and S6. The excellent OER performance makes our Ni3Fe1-LDH/Ti3C2Tx comparable to most non-precious 

OER electrocatalysts reported in the literature, including Co-Fe-P,58 Co0.13Ni0.87Se2/Ti,59 Co@CoTe2,60 

NiPS3-G,61 B-Ni@NF,47 S:Co2P@NF,62 Ni3B@rGO,63 NiTe NR/NF,64 Co2P,65 NiFePx-NC66, 

Mo/Mo2C@CoO@NC67, and Ti3C2-Co-TiO2
68, as shown in Figure 3f and Table S2. Overall, these above 

results unambiguously confirm that our Ni3Fe1-LDH/Ti3C2Tx demonstrates outstanding performance over 

the full range of current densities and possesses a robust industrially-relevant stability for water oxidation 

applications.  
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Figure 4. Free-energy diagram and corresponding intermediate species for oxygen evolution reaction over 

(a) Ni3Fe1-LDH and (b) Ni3Fe1-LDH/Ti3C2 at U = 0 and 1.23 eV. (c) Distribution of charge densities for 

Ni3Fe1-LDH/Ti3C2. Yellow and cyan colors denote electron accumulation (Δρ = +5.8 × 10−3 e bohr−3) and 

depletion (Δρ = −5.8 × 10−3 e bohr−3), respectively. Left, top view; right, side view.  

To gain further insight into the mechanism of the oxygen electrocatalytic performance, density 

functional theory (DFT) computations were implemented to investigate the free energy diagrams of 

intermediated species toward the oxygen evolution process. We designed a suitable model of the Ni3Fe1-

LDH/Ti3C2 interface, where the hydroxyl of Ni3Fe1-LDH was connected to O-terminated Ti3C2 through the 

OH-O bond and thereby stabilized the interface, in Figure S7. As proposed by Nørskov et al.,69 the four-

electron process of water oxidation is described as follows:  

H2O + * → *OH + H+ + e-                               (Ⅰ) 

*OH + * → *O + H+ + e-                                (Ⅱ) 

*O + H2O → *OOH + H+ + e-                            (Ⅲ) 

*OOH → O2 + H+ + e-                                   (Ⅳ) 

where * represents the catalytic site of an electrocatalyst. We evaluated the Gibbs free energy diagram of 
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oxygen evolution reaction. As shown in Figures 4a-b and S8-13, for both Ni3Fe1-LDH/Ti3C2Tx and Ni3Fe1-

LDH, the second step of hydroxyl group splitting into *O species is exothermic at the applied voltage (V) 

= 0 and 1.23 V, while the *OH and *OOH formation exhibit uphill energetics. The energy barriers of *OOH 

formation were found to be 2.92 and 3.11 eV for Ni3Fe1-LDH/Ti3C2Tx and Ni3Fe1-LDH, respectively. In 

general, the formation step of *OOH has been considered the rate-determining step (RDS) in the whole 

oxygen evolution reaction. During the rate-determining step, Ni3Fe1-LDH/Ti3C2Tx exhibits only a slight 

energy difference of 0.19 eV from that of the Ni3Fe1-LDH, suggesting that generation kinetics of *OOH is 

not critical at the interface of Ni3Fe1-LDH and Ti3C2Tx. To further evaluate the synergistic effect of the 

interface catalysts, Bader charge analyses of the above two models were carried out. As displayed in 

Figures 4c, a large electron transfer of 5.8 × 10−3 e bohr−3 was observed from Ni3Fe1-LDH to Ti3C2Tx solid 

support, which supports a more positively charged Ni3Fe1-LDH surface and therefore optimizes the energy 

barriers of the whole water oxidation process. In addition, such an electron extraction from the Ni3Fe1-LDH 

can efficiently modulate the electronic structure of catalytic sites in an Ni3Fe1-LDH/Ti3C2 hybrid, which 

supports the d-band center shifting to a high energy. Consequently, the antibonding states of catalytic sites 

in the hybrid system and adsorbed *O intermediated species are less occupied, thus enhancing the O binding 

strength for oxygen evolution process in an alkaline solution.43, 70  

The excellent OER activity and stability of Ni3Fe1-LDH/Ti3C2Tx under strong alkaline conditions 

prompted us to further investigate its OER performance in weak alkaline and neutral electrolytes. In 

particular, OER in neutral media is more practical for industrial applications. Therefore, the OER activities 

of Ni3Fe1-LDH/Ti3C2Tx in 0.1 M KOH (pH = 13) and 1.0 M KPi (pH = 7) were evaluated. As expected, 

similar electrocatalytic activity trends were observed. The Ni3Fe1-LDH/Ti3C2Tx catalyst exhibited a 

superior OER performance as compared with those for pure Ni3Fe1-LDH in both of 0.1 M KOH and 1.0 M 

KPi solution (Figure 5). Achieving a current density of 10 mA cm-2, Ni3Fe1-LDH/Ti3C2Tx only requires 

1.54 and 1.79 V versus RHE in 0.1 M KOH and 1.0 M KPi, which are much lower than those for pure 

Ni3Fe1-LDH, highlighting the synergistic effect on improving oxygen catalytic performance in wide-pH 

electrolyte (pH = 14-7) (Figures S14-15). Such an enhanced performance was likely due to the fact that 

Ti3C2Tx efficiently facilitates the charge transfer between Ni3Fe1-LDH/Ti3C2Tx. 
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Figure 5. LSV curves of Ni3Fe1-LDH/Ti3C2Tx and Ni3Fe1-LDH in O2-saturated 0.1 M KOH (a) and 1.0 M 

KPi (b).  

Overall, the above results unambiguously confirmed that our Ni3Fe1-LDH/Ti3C2Tx electrocatalysts 

exhibit an excellent electrocatalytic performance for oxygen evolution under alkaline and neutral conditions. 

Such a substantial increase in catalytic activity is due to the following features: (1) Ni3Fe1-LDH vertically 

aligned on Ti3C2Tx surface. With the rich functional groups of Ti3C2Tx (e.g. -OH, =O, -Cl, and -F), Ni3Fe1-

LDH was vertically immobilized on Ti3C2Tx surface. These surface functional groups can be used as 

“anchor” to coordinate with metal ions, resulting in rich and uniform nucleation center for a controlled 

vertical growth of Ni3Fe1-LDH on Ti3C2Tx. Such an unique configuration can expose more layered edges 

of Ni3Fe1-LDH, which provides kinetical active sites with high valence and fluent electron transport 

channels for oxygen evolution.45 More importantly, metallic Ti3C2Tx is electrically conductive and shortens 

ion diffusion length, which can efficiently facilitate the charge transfer between electrode/electrolyte and 

accelerate the intrinsic kinetics for oxygen evolution. (2) High oxidation of Ti sites. It is reported that highly 

oxidated Ti3+ ions on the Ti3C2Tx surface can be formed at a redox potential of 280 mV.71 The Ti3+ ions can 

act as n-type dopants to optimize the electronic configuration of the Ni ions, therefore stabilizing the Ni ion 

with an oxidation state of 3+, which serve as highly active catalytic sites for oxygen evolution.72 (3) 

Synergistic effects between Ni3Fe1-LDH and Ti3C2Tx. The Ti3C2Tx solid support can extract electrons from 

the nearby Ni3Fe1-LDH, re-configurate the charge distribution of catalytic sites, and achieving the highly-

efficient spatial charge separation, resulting in an electron-hole-rich area at the interfacial area. The 

electron-hole-rich catalytic sites can lower the energy barrier and optimize the adsorbed intermediated 

species for water oxidation. In addition, the electron transfer in Ni3Fe1-LDH/Ti3C2Tx interface can not only 

optimize d-band center shift for enhancing the O binding strength, but also decrease the work function of 

catalytic sites to achieve more acceptor levels. 
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In this work, we have synthesized a cost-effective and robust Ni3Fe1-LDH/Ti3C2Tx electrocatalyst for 

boosting oxygen evolution in alkaline and neutral media. By making full use of the rich surface functional 

groups of Ti3C2Tx, thin 2D Ni3Fe1-LDH layers were vertically immobilized on the Ti3C2Tx surface. The 

Ni3Fe1-LDH/Ti3C2Tx hybrids exhibit excellent catalytic performance for oxygen evolution in 1.0 M KOH 

with an overpotential of 282 mV to produce an OER current density of 100 mA cm-2 and a Tafel slope as 

low as 18.1 mV dec-1. Strikingly, Ni3Fe1-LDH/Ti3C2Tx only needs an overpotential of 0.31 V versus RHE 

to produce an industrially-important current density of 1000 mA cm-2. DFT results further demonstrated 

Ti3C2Tx could accelerate the charge transfer and tailor the electronic structure of the Ni3Fe1-LDH catalytic 

sites. The synergistic effect between Ni3Fe1-LDH and Ti3C2Tx can optimize the d-band center shift, 

resulting in enhanced catalytic property of oxygen evolution. This work provides a facile strategy for the 

construction of Ti3C2Tx-based 2D layered electrocatalyst for many other applications, beyond water 

oxidation. 
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KOH, Figure S3; LSV curves of Ni3Fe1-LDH/Ti3C2Tx and Ti3C2Tx in 1.0 M KOH, Figure S4; Gas yield 

of O2 evolved over the Ni3Fe1-LDH/Ti3C2Tx electrodes as a function of time at 100 mA cm-2, Figure S5; 

chronopotential curve of Ni3Fe1-LDH/Ti3C2Tx conducted at 500 mA cm-2 in 1.0 M KOH, Figure S6; 
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