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Abstract  

Two-dimensional (2D) heterostructures exhibit a considerable potential in electrolytic water splitting due to 

their high specific surface areas, tunable electronic properties, and diverse hybrid compositions. However, 

the fabrication of well-defined 2D mesoporous amorphous-crystalline heterostructures with highly active 

heterointerfaces remains challenging. Herein, an efficient 2D heterostructures comprised of amorphous 

nickel boron oxide (Ni-Bi) and crystalline mesoporous iridium (meso-Ir) is designed for water splitting, 

referred to as Ni-Bi/meso-Ir. Benefiting from well-defined 2D heterostructures and strong interfacial 

coupling, the resulting mesoporous dual-phase Ni-Bi/meso-Ir heterostructures possess abundant catalytically 

active heterointerfaces and boost the exposure of active sites, compared to their crystalline and amorphous 

mono-counterparts. The electronic state of iridium sites has been tuned favorably by coordinating with Ni-Bi 

layers. Consequently, the Ni-Bi/meso-Ir heterostructures show superior electrochemical performance 

towards both oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) in an alkaline 

electrolyte with fabulous stability. 

 

Keywords: Mesoporous materials; 2D materials; heterostructures; amorphous-crystalline interfaces; water 

splitting. 
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Introduction 

Electrochemical water splitting for hydrogen and oxygen production is considered as one of the most 

promising strategies to harvest solar and wind energy.
[1,2]

 However, the sluggish kinetics of the two water 

electrolysis half-reactions, composed of the hydrogen evolution reaction (HER) at the cathode and oxygen 

evolution reaction (OER) at the anode, hamper the scalable industrial application.
[3]

 It is of great 

significance to develop highly efficient HER and OER bifunctional electrocatalysts in the same electrolyte 

to simplify the device fabrication.
[4,5] 

One effective strategy to develop highly effective water splitting 

electrocatalysts is based on heterostructure engineering due to their high specific surface areas and the 

synergistic effects among different components.
[6,7]

 Specially, the heterostructures utilizing two-dimensional 

(2D) materials always possess rich active sites, short mass/charge transport distances, and unique 

face-contact heterointerfaces which have large interface areas and special electronic structures.
 
These 

features can not only preserve the intrinsic catalytic activities of each component, but also are beneficial to 

increase catalytic performances because of the interfacial synergistic effects between the different 

components.
[8−13] 

Unfortunately, most of the previous reported 2D heterostructures materials mainly based 

on traditional 2D layered materials as host materials, such as graphene, metal sulfides/nitrides, or C3N4 

without any porous architectures.
[14−16]

 There is still rarely reported on well-defined 2D metallic-based 

heterostructures by a simple chemical reduction method because of the weak interaction between different 

metal components and difficult kinetic growth control. In addition, previous reported 2D layered 

heterostructures are randomly assembly lacking intimate and efficient coupling, which devalues the function 

of heterostructures. Therefore, synthesis of 2D metal heterostructures consisting of oriented growth manner 

between heterostructures remains a great challenge and bring a new generation of electrocatalysts for 

maximizing the performance. 
 

2D iridium (Ir) structures have been reported as the most efficient and important cathodic electrocatalysts 

towards water splitting in both acidic and alkaline electrolytes.
[17−19] 

Cost is a central concern in 

industrial-scale catalysis; thus, hybridizing Ir with other Earth-abundant elements-based nanomaterials can 

reduce the content of Ir and improve its catalytic performance via taking advantage from the synergy 

between the different components.
[20−23] 

However, the reports based on heterostructure engineering only 

focused on the loading of Ir nanoparticles/cluster on traditional 2D materials (e.g., metal hydroxides and 

graphene), which lacks large contacted heterointerfaces.
[24−27]

 Our previous reports have successfully 

constructed 2D Ir with mesoporous networks which shows excellent OER activity under acidic media due to 

rich defect sites and larger specific surface area.
[28]

 Nevertheless, the construction of non-noble metal-based 
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materials with mesoporous Ir nanosheets forming a 2D heterostructure and the consequent effect of the 

resultant catalyst on both OER and HER performance in alkaline electrolytes have never been explored.  

Except for controlling the composition and morphology of 2D Ir materials, recently phase engineering via 

amorphous-crystalline heterostructures has attracted a lot of attention in catalytic applications owing to their 

intriguing phase-dependent properties.
[29−31]

 Due to its unique short-range ordered and long-range disordered 

atomic arrangement, amorphous phases have a greater proportion of coordinatively unsaturated sites, 

facilitating the ion diffusion and adsorption of reactants.
[32−34]

 In addition, the flexibility of the local 

structure in amorphous phases can accelerate charge transfer between active sites and intermediates. 

Metal-boron amorphous materials, in particular, are most promising catalysts in extensive applications, 

including petrochemical production, energy conversion and environmental catalysis.
[35] 

However, the low 

conductivity of amorphous phase limits its electrocatalytic applications.
[36]

 To overcome this shortcoming, 

integrating amorphous materials with crystalline metal to obtain amorphous-crystalline heterostructures is 

proved to be a very efficient way to harmonize the individual advantages of amorphous and crystalline 

phases, thereby promote activity and stability.
[31,37]

 Nevertheless, it is difficult to construct such kind of 

heterointerfaces between the crystalline metal and the amorphous metal-boron because the covalent 

component in metal-metalloid bonds is intrinsically different from its crystalline counterparts.
[34]

 It is, 

therefore, necessary not only to develop high-performance 2D heterostructured electrocatalysts combining 

crystalline mesoporous Ir nanosheets and amorphous metal-boron-based materials, but also to investigate the 

synergy taking place between them to enhance electrocatalytic activity. 

 In this study, we develop a facile in-situ growth method to prepare 2D heterostructures of amorphous 

nickel-boron oxide (Ni-Bi) layers coupling with crystalline mesoporous iridium (meso-Ir)
 
by a two-step 

wet-chemical reduction strategy. The Ni-Bi layers represent a new breed of low-cost material and display 

higher catalytic performance than their counterparts such as metal oxides.
[38]

 In this study, the as-prepared 

2D mesoporous heterostructures both maximize the exposed active sites to take part in the reaction and 

possess rich amorphous-crystalline heterointerfaces. Thus, the obtained Ni-Bi/meso-Ir catalyst shows 

excellent activity and stability for both OER and HER under alkaline condition. The enhanced water 

splitting performance can be mainly ascribed to the abundant active sites and the synergistic effects, 

electronic interaction, and coordination effects between the Ir and Ni-Bi at the heterostructured interfaces. 

This study provides a useful approach to the rational design of porous metal-based 2D heterostructures and 

helps us better understand the role of the dual-phase interfaces. 
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Results and discussion 

The dual-phase 2D Ni-Bi/meso-Ir heterostructures with amorphous nickel boron oxide layers anchored on 

the pore surface of mesoporous Ir nanosheets were successfully synthesized by a two-step wet-chemical 

reduction method. Similarly to a previously reported method,
[28] 

the meso-Ir nanosheets are first templated 

with polystyrene-poly(ethylene oxide) (PS-b-PEO) block copolymer micelles, using formic acid as a 

reducing agent (see the SEM image in Figure 1a). The gradual reduction process from Ir
4+

 to Ir
0
 can be 

clearly visualized through the photographs of the reaction vials in Figure S1. The obtained meso-Ir 

nanosheets mixed with a Ni
2+

 aqueous solution are dispersed in water and kept under stirring for 30 min, 

cooled in an ice bath, followed by the injection of an ice-cool sodium borohydride solution (SBH). After 

stirring for another 60 min, the product is repeatedly washed with ethanol and separated through 

centrifugation. The final Ni-Bi/meso-Ir catalyst is then dried at room temperature and annealed at 150 °C for 

30 min under N2 atmosphere to remove any impurities. Figures 1b and 1c show the scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM) images of the Ni-Bi/meso-Ir 

heterostructures, respectively, where the mesoporous Ir nanosheets appear to be uniformly covered with 

Ni-Bi layers, which could also be seen at low-magnification SEM and TEM images (Figure S2). 

Furthermore, the superior hydrophilicity of Ni-Bi/meso-Ir compared to bare meso-Ir indicates that it is a 

more suitable environment for the adsorption of reactants and diffusion of electrolyte (inset of Figures S2a 

and S2c).
[39]

 The final molar ratio of Ir, Ni, and B in Ni-Bi/meso-Ir heterostructures was determined from 

inductively coupled plasma optical emission spectroscopy (ICP-OES) to be 46.7:44.3:9.0. 
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Figure 1. SEM images of (a) bare meso-Ir nanosheets and (b) nickel boron oxide/meso-Ir (Ni-Bi/meso-Ir) 

heterostructures. (c) TEM and (d) high-magnification HAADF-STEM images of Ni-Bi/meso-Ir 

heterostructures. (e) Lower-magnification HAADF-STEM image of a different part of the Ni-Bi/meso-Ir 

heterostructures. (f-i) EELS signal maps for the area in (e) corresponding to the Ir-M, Ni-L, B-K and O-K 

edges, respectively. (j, k) Enlarged image and corresponding FFT from area “1” of (d); a ring of spots 

corresponding to a lattice spacing of 0.22 nm is visible. (l, m) Enlarged image and corresponding fast 

Fourier transform (FFT) from area “2” of (d).  

 

  To investigate the detailed structural information of dual-phase Ni-Bi/meso-Ir heterostructures, 

high-resolution high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) 

measurements were conducted. As shown in Figure 1d, the numerous Ir nanocrystalline domains (bright 

contrast) can be observed in the pore wall of the nanosheets, while the darker contrast suggests the presence 

of a thin layer covering both the Ir matrix and the pores. Elemental mapping of the sample performed using 

electron energy-loss spectroscopy (EELS, Figures 1e-i) confirm that the Ir, Ni, B and O are homogeneously 

distributed. These images clearly show that Ir follows the mesoporous pattern, while Ni and B are 

homogeneously distributed over the surface. The high-resolution images in Figure 1j and 1l also highlight 

the crystalline nature of the Ir skeleton, with a lattice spacing of 0.22 nm corresponding to the (111) plane of 

the face-centered cubic (fcc) structure (Figure 1k), while the Ni-Bi layers covering the pores remains 

amorphous (Figure 1m). The coupled heterointerface could also be confirmed by HRTEM analysis (Figure 

S3). The amorphous-crystalline interface has been previously reported to be expected to facilitate the 

adsorption of reaction intermediates and enhance catalytic activity.
[40] 

In addition, the dual-phase structure of 

the as-prepared Ni-Bi/meso-Ir heterostructures was further studied by wide-angle X-ray diffraction (XRD) 

(Figure 2a). The diffraction pattern of the meso-Ir nanosheets shows four major peaks, assigned to typical 

(111), (200), (220) and (311) facets of the fcc Ir phase (JCPDS No: 06–0598). After coupling with Ni-Bi 

layers, no additional diffraction peaks were detected, further confirming the amorphous nature of Ni-Bi. 

Different from noble-metal-metalloid (eg. Pd-B) nanomaterials that form crystalline phase 
[41−43]

, the 

introduction of B into the non-noble metals such as Ni and Co during the chemical reduction process using 

strong reducing agents including sodium borohydride or dimethylamine borane usually cause long-range 

disordered structure.
[44,45]

 This is supported by the XRD patterns of the bare Ni-B nanoparticles (NPs) before 

and after thermal treatment (Figure S4), exhibiting one single broad diffraction peak at around 2θ = 45°. 

The small-angle X-ray scattering (SAXS) was used to determine the periodicity of the mesoporous structure 

of Ni-Bi/meso-Ir and confirm that the structure observed by TEM is representative of the entire sample. As 
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shown in Figure 2b, a single diffraction peak of meso-Ir located at q = 0.26 nm
–1

 (d = 24 nm) shows the 

periodic mesoporous structure. The slight decrease in peak intensity of Ni-Bi/meso-Ir heterostructures in 

SAXS indicates the successful hybridization of the flexible Ni-Bi layers in the pores of the meso-Ir 

nanosheets. Nitrogen (N2) adsorption–desorption isotherm measurements (Figure 2c) exhibit typical type IV 

isotherms for both the meso-Ir and Ni-Bi/meso-Ir heterostructures; however, the Brunauer–Emmett–Teller 

(BET) surface area of Ni-Bi/meso-Ir heterostructure is smaller than for bare meso-Ir. According to the 

Barrett–Joyner–Halenda (BJH) method, the average pore size of Ni-Bi/meso-Ir (~11.5 nm) is smaller than 

that of meso-Ir (~13.3 nm) (Figure S5). These results indicate that part of Ni-Bi layers is successfully loaded 

inside the pores of meso-Ir.  

 

 

Figure 2. (a) XRD patterns, (b) SAXS patterns, and (c) the N2 adsorption−desorption isotherm of bare 

meso-Ir and Ni-Bi/meso-Ir heterostructures. X-ray photoelectron spectroscopy of different samples resolved 

around d) Ir 4f, (e) Ni 2p and (f) B 1s.  

 

X-ray photoelectron spectroscopy (XPS) was performed to identify the electronic structure of 

Ni-Bi/meso-Ir heterostructure. The Ir 4f, Ni 2p, O 1s, and B 1s core level XPS spectra of the Ni-Bi/meso-Ir 

sample confirm the presence of Ir, Ni, B, and O elements. As shown in Figure 2d, the Ir 4f peaks in 

Ni-Bi/meso-Ir heterostructures shifts towards lower binding energies compared with bare meso-Ir. The Ni
0
 

and B
0
 peak at 852.3 and 188.0 eV could be observed in bare Ni-B NPs, respectively; however, the Ni and B 

in Ni-Bi/meso-Ir heterostructures exist mainly in a highly oxidized Ni-O (Ni
2+

 and Ni
3+

) state,
[46]

 likely 
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resulting from that the ultrathin layers structure is more spontaneous oxidation in air and the electron 

transfer between Ni-Bi and meso-Ir (Figure S2e,f). A high-resolution XPS spectrum of O 1s (Figure S6) can 

be divided into O1, O2, and O3 species, which are assigned to lattice oxygen, substituted hydroxyl group 

and adsorbed oxygen, respectively.
[47] 

Moreover, the binding energies of Ni 2p and B 1s in Ni-Bi/meso-Ir 

heterostructure both exhibit a positive shift with respect to the bare Ni-B NPs. These findings suggest strong 

electronic interaction between meso-Ir and Ni-Bi layers and facilitated charge transfer at the interface. 

Previous reports have suggested that such property can be beneficial to tune the electronic structure local to 

the surface and reduce the free energy of adsorption of undesired intermediates, thus improving catalytic 

activity.
[48−50]

  

 

 

Figure 3. Schematic illustration of the synthesis of Ni-Bi/meso-Ir heterostructures. 

 

To better understand the formation process of 2D heterostructures, we analyzed the growth mechanism 

of nickel boron oxide on meso-Ir surface, as illustrated in Figure 3. To prepare bare meso-Ir nanosheets, 

formic acid acts both as a reducing agent and 2D structure-directing agent. As it self-decomposes into 

carbon monoxide (CO) during the reduction process, CO binds to the (111) facet of Ir nanocrystals to 

facilitate the growth of nanosheets.
[51,52]

 The presence of CO on the surface of the Ir metal can be detected 

by Fourier transform infrared spectroscopy (FTIR), which shows a typically absorption band at ∼2062 cm
–1 

(Figure S7a).
[53] 

These CO molecules are still present after coating with amorphous Ni-Bi, but disappear 

after thermal treatment at 150 °C (Figure S7a). In addition, the symmetric stretching modes of carboxylic 

group ν(COO) is also observed at absorption band between 1320 and 1400 cm
–1

 in FTIR, indicating that 

some formic acid molecules remain adsorbed on the metal surface during chemical reduction process 

(Figure S7b).
[54,55]

 Notably, the peak intensity of ν(COO) in FTIR is significantly reduced after 

hybridization with amorphous Ni-Bi layers prior to the thermal treatment (Figure S7b). This can be 
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expected as carboxylic groups participate to the effective adsorption of metal ions (i.e. Ni
2+

).
[56,57]

 Moreover, 

2D Ir mesoporous nanosheets provide a platform for the growth of Ni-Bi layers. Specifically, pre-adsorbed 

Ni
2+

 ions on the surface of Ir nanosheets are first reduced into ‘‘Ni-B seeds’’, where Ni-Bi later grow along 

the plane, resulting in a coating-layer structure. Figure S8 shows how the amount of Ni precursor affects the 

formation of the ultrathin Ni-Bi layers. The maximum Ni precursor concentration before triggering the 

formation of visible particles (Figure S8e,f) is considered optimal. For additional insights, SEM images of 

bare amorphous Ni-B nanoparticles (NPs) obtained without the support of meso-Ir, nonporous Ir prepared 

without a PS-b-PEO porogen, as well as Ni-B/nonporous Ir heterostructures are presented in Figures S9a, b 

and c, respectively. These finding confirmed the rationality of the proposed growth mechanism of 2D 

heterostructures. The method can also be extended to prepare Co-Bi/meso-Ir heterostructures, as shown in 

Figure S10.  

 

 

Figure 4. (a) OER polarization curves, along with the corresponding (b) Tafel plots of Ni-Bi/meso-Ir, 

meso-Ir, Ni-B, and commercial Ir black. (c) EIS analyses Nyquist plots of the different catalysts performed 

at 1.48 V vs. RHE (inset shows the enlarged EIS plots of Ni-Bi/meso-Ir and meso-Ir, and the equivalent 

circuit model). (d) Comparison of overpotential (η) to drive a current density of 10 mA cm
−2

 and mass 

activity (jm) at 1.53 V (vs. RHE). All catalysts were examined using 1.0 M KOH as the electrolyte at the scan 

rate of 10 mV s
−1

 and corrected by iR compensation. 
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Inspired by the unique 2D mesoporous morphology and rich heterointerface of the dual-phase, we 

evaluated the electrocatalytic performances of Ni-Bi/meso-Ir for both OER and HER in a 1.0 M KOH 

solution using a three-electrode system. The working electrode was obtained by mixing the as-prepared 

Ni-Bi/meso-Ir and carbon black (Vulcan XC–72) and annealing the mixture in an N2 atmosphere at 150 °C 

for 30 min. Bare meso-Ir and Ni-B NPs were also prepared with a similar procedure. As observed from the 

linear sweep voltammetry (LSV) curves in Figure 4a, the Ni-Bi/meso-Ir shows superior OER activity 

compared to the bare meso-Ir and Ni-B NPs. Both Ni-Bi/meso-Ir and Ni-B NPs show a typical redox peak at 

1.36 V because of the transition from Ni
2+

 to Ni
3+

,
[58]

 which is known to improve OER activity in an alkaline 

electrolyte.
[59]

 Under the same reaction conditions, a smaller overpotential of 250 mV yielding 10 mA cm
–2

 

is required for Ni-Bi/meso-Ir, which is lower than those of the meso-Ir (266 mV), Ni-B NPs (358 mV), and 

commercial Ir black (278 mV). It has been proposed that the double-layer capacitance (Cdl) of the sample in 

the non-Faraday region can reflect its electrochemical active surface area (ECSA).
[60] 

Our study (Figure 

S11a-c) shows a larger Cdl of the Ni-Bi/meso-Ir (31.4mF cm
−2

) compared with meso-Ir (25.9 mF cm
−2

), and 

the ECSA-normalized OER LSV curves indicate that the heterostructured sample yield a slightly higher 

current density (Figure S11d). These results suggest that the superior activity observed in Figure 4a can 

partly be imputed to additional active sites inherent from the Ni-Bi layer. To obtain deeper insight into the 

enhanced OER activity, the corresponding Tafel plots were recorded to assess the underlying reaction 

kinetics (Figure 4c). A Tafel slope of 54.8 mV dec
–1

 is measured for Ni-Bi/meso-Ir, which is much lower 

than those of meso-Ir (59.7 mV dec
–1

), Ni-B NPs (109.1 mV dec
–1

), and Ir black (65.1 mV dec
–1

), suggesting 

more efficient OER kinetics of Ni-Bi/meso-Ir.
[61]

 Furthermore, the charge transfer kinetics was investigated 

by electrochemical impedance spectroscopy (EIS). The results in Figure 4d show that Ni-Bi/meso-Ir 

possesses the smallest semicircle in the low-frequency range, suggesting a lower charge transfer resistance 

(Rct). This is an indication that coupling meso-Ir with Ni-Bi layers could promote electron conductivity, 

contributing to the superior OER catalytic activity. Moreover, the much smaller contact angle (inset Figures 

S2a and c) observed for Ni-Bi/meso-Ir (59°) compared that of meso-Ir (71°) indicates that the Ni-Bi layer 

increases hydrophilicity, which can then improve the adsorption of reactants (ie. H2O or OH
–
) and promote 

electrolyte diffusion. Additionally, when the activities of the samples are normalized to the noble metal 

iridium loading, the mass activity of Ni-B/meso-Ir for OER at 1.53 V(vs. RHE) is 630.5 mA mg
–1

Ir, which is 

1.6 and 2.9 times greater than those of the meso-Ir and Ir black, respectively (Figure 4d). The above results 

indicate that the heterostructure constructed from Ni-Bi/meso-Ir heterostructures coupled with Ni-Bi layers 

coupling with 2D meso-Ir nanosheets possesses rich dual-phase interfaces, both in terms of ECSA and 

charge transfer, thus promoting the catalytic performance. 
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To confirm the unique structural advantage assigned to Ni-Bi/meso-Ir, we compared its OER activity with 

other composites where Ni-B formed a coarse heterointerface (see Experimental Section in the Supporting 

Information), or where nonporous Ir was used. One is to thermally treat the as-prepared meso-Ir (t-meso-Ir), 

and then deposited amorphous Ni-B NPs on its surface, forming a Ni-B/t-meso-Ir composites (Figure S9d). 

Another is physical mixed sample obtained by mixing the Ni-B NPs and meso-Ir (Figure S9e). The inferior 

OER activities of these samples (Figure S9f) highlight the importance of close interactions at the 

heterointerfaces between the amorphous nickel boron oxide layers and the 2D crystalline meso-Ir nanosheets 

by the in situ strategy, enabling faster mass/electron transfer and strong dual-phase synergy. Moreover, using 

non-porous Ir also resulted in inferior performance, evidencing the necessity of short pathways for mass 

diffusion and high active area, promoted by the 2D mesoporous structure. We also synthesized 2D 

mesoporous Ni(OH)2/meso-Ir (Figure S12a-c) to understand the importance of the presence of B in the 

catalyst. The resulting lower OER activity of Ni(OH)2/meso-Ir than Ni-Bi/meso-Ir (Figure S12d) is 

supported by previous research reporting that B can facilitate the OER reaction because it provides more 

defects due to amorphous structure and may facilitate the formation of intermediate oxide/hydroxide species, 

thus enhancing the OER activity of Ni-Bi/meso-Ir.
[62,63]

 

Durability and stability are also key factors in evaluating the performance of electrocatalysts. After 

undergoing 1000 cycles of OER tests, the activity of Ni-Bi/meso-Ir shows negligible losses (Figure S13a). A 

chronopotentiometry measurement conducted at a constant current density of 10 mA cm
–2 

demonstrates that 

Ni-Bi/meso-Ir undergoes a negligible activity degradation over 20 h (Figure S13b), revealing its excellent 

long-term durability. The good structural stability of Ni-Bi/meso-Ir is also evidenced by the SEM images of 

the sample obtained after the OER durability test (Figure S13c,d).  

To better understand the origin of the catalytic improvement in the Ni-Bi/meso-Ir heterostructure, XPS 

measurements after OER durability test were further performed to investigate the chemical states at the 

surface of the electrode. An increased content of Ir oxide species was observed by XPS result (Ir 4f) after 

OER (Figure S14a), where the resulted IrOx species have been considered as favorable active sites for 

OER.
[17,64]

 The increase in the high-valent Ni
3+

 state (Figure S14b) can originate from the emergence of 

NiOOH,
[65]

 which is a well-known active catalyst for alkaline OER.
[61]

 An increase in lattice oxygen (O1) is 

also observed after the OER, further confirming the growth of the oxide/hydroxide species on the surface of 

the Ni-Bi/meso-Ir (Figure S14c), and likely responsible for diminishing the signal of the other species. For 

OER, reasonably adjusting the adsorption energy of OER intermediates (*OOH, *OH, and *O) on the 

catalyst is crucial to reduce the OER overpotential.
[17] 

Although both IrOx and NiOx can serve as active sites 

for OER, their function remains different. The NiOx species is weakly bonded with O* and the rate 



12 

 

determining step (RDS) of NiOx is determined by the transformation of *OH into *O.
[66,67]

 As for metal Ir, 

the RDS is the formation of OOH* because the IrOx species formed in-situ bind with O* too strongly.
[68] 

In 

other words, the OH* and O* species tend to be adsorbed on NiOx and IrOx species, respectively.
[25] 

Density 

functional theory (DFT) studies previously reported that the introduction of Ir species into NiFe-based sites 

dramatically decreased the Gibbs free energy of the rate-determining step (the formation of OOH*), leading 

to substantially accelerated OER kinetics, especially under alkaline conditions.
[26]

 Similar results could also 

be found for other heterostructured electrocatalysts combining Ir with non-noble metals (eg. Ni, Co, 

Fe).
[24,25,30] 

Therefore, based on the above experimental results and discussion, it can be concluded that the 

design of the Ni-Bi/meso-Ir heterostructure ensures i) a large area of contact rich in active sites, and ii) the 

synergy between in-situ formed IrOx and NiOx species at the heterointerface, both promoting the formation 

of OOH*, which finally desorbs to generate oxygen.  

 

 

Figure 5. (a) HER polarization curves of Ni-Bi/meso-Ir, meso-Ir, Ni-B, and commercial Pt/C. (b) The 

corresponding Tafel plots of Ni-Bi/meso-Ir, meso-Ir, and commercial Pt/C. (c) EIS spectra (the inset shows 

the equivalent circuit model) of Ni-Bi/meso-Ir, meso-Ir and commercial Pt/C measured at −0.03 V vs. RHE 

in 1 M KOH. (d) η at 10 mA cm
−2

 and mass activity (jm) at −0.05 V (vs. RHE) of Ni-Bi/meso-Ir, meso-Ir, and 

commercial Pt/C (the mass activities are normalized to loading amount of Ir or Pt on the electrode). All 

catalysts were examined using 1.0 M KOH as the electrolyte at the scan rate of 10 mV s
−1

 and corrected by 

iR compensation. 
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Besides OER, we also investigated the electrocatalytic activity of Ni-Bi/meso-Ir for HER under the same 

alkaline conditions (1.0 M KOH). As shown in Figure 5a, the Ni-Bi/meso-Ir heterostructured electrode 

exhibits the highest activity toward HER reaching to 10 mA cm
–2

 at an overpotential as low as 26.8 mV, 

lower than that of meso-Ir (50.2 mV) and commercial 20% Pt/C (36.0 mV). In addition, Figure 5b shows 

that Ni-Bi/meso-Ir possesses the least steep Tafel slope, in comparison with meso-Ir, and Pt/C, suggesting a 

faster HER reaction kinetics. The EIS results in Figure 5c show that Ni-Bi/meso-Ir heterostructures have the 

smallest Rct compared with meso-Ir and Pt/C electrodes, suggesting a less resistive pathway to electron 

transfer under HER test conditions. Furthermore, the mass activity of Ni-Bi/meso-Ir is twice as large as that 

of meso-Ir, demonstrating a highly effective ECSA (Figure 5d). Because the performance of the Pt/C 

control is superior to the bare meso-Ir and Ni-B NPs, but inferior to the Ni-Bi/meso-Ir, the synergy between 

the Ir catalyst and amorphous Ni-Bi co-catalyst is clear. Unlike for OER, where both IrOx and NiOx species 

can work as active sites, the negligible HER activity of bare Ni-B NPs (Figure 5a) indicates that Ir is the 

main active species for HER while amorphous Ni-Bi layer acts as a co-catalyst in Ni-Bi/meso-Ir. In 

particular, because of the scarcely present H
+
 in alkaline media, the process starts from the dissociation of 

H2O molecules to supply protons.
[69] 

Therefore, a subtle balance between the water dissociation (Volmer step) 

and the subsequent chemisorption of the water-splitting intermediates (OH
– 

and H*) is critical to promote 

HER performance.
[70] 

In the current system, Ni
x+ 

species can modify the electronic structure of Ir atoms, that 

is, the electron transfer from Ni-Bi to Ir (Figure 2d-f), which may weaken bonding strengths of 

hydrogen-containing intermediates, thus affecting the catalytic activity.
[47]

 In addition, the hydrophilic 

Ni-based hydroxides layers may serve as H2O anchoring sites to accelerate the sluggish water 

adsorption/dissociation processes.
[71]

 As shown in Figure S15, the HER activity of Ni(OH)2/meso-Ir is 

improved compared to bare meso-Ir, demonstrating the importance of hydrophilicity, but remains lower than 

that of Ni-Bi/meso-Ir. This highlights the importance of B in the electronic landscape of the heterostructure. 

Therefore, the improved HER activity can be directly imputed to combining Ir and Ni species, and to their 

interface. The Ni-Bi/meso-Ir electrode also exhibits excellent durability and long-term stability for HER 

(Figure S16a,b), also supported by its maintained structural integrity (Figure S16c,d). This contrasts with 

the bare meso-Ir, showing a significant decrease after 6 h stability test (Figure S16b), indicating that the 

presence of the Ni-Bi layer is crucial in improving stability. 
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Figure 6. (a) Photograph of the electrochemical overall water splitting cell. (WE−working electrode, 

CFP−carbon fiber paper). (b) LSV curves of Ni-Bi/meso-Ir heterostructures and Ir black–Pt/C couple water 

electrolysis cell at a scan rate of 10 mV s
−1

 in 1.0 M KOH solution. (c) the corresponding 

chronopotentiometry curves of Ni-Bi/meso-Ir heterostructures and Ir black–Pt/C catalysts at 10 mA cm
−2

 and 

100 mA cm
−2

. 

 

Encouraged by the excellent OER and HER performances, superior to those of most reported Ir-based 

catalysts (Table S1, S2), the dual-phase Ni-Bi/meso-Ir heterostructures are expected to serve as both anode 

and cathode for overall water splitting in a 1.0 M KOH solution. Therefore, we loaded the Ni-Bi/meso-Ir 

catalyst on carbon fiber paper (CFP) to construct a two–electrode water electrolysis cell and acquired their 

activities by LSV. As shown in Figure 6a, the H2 and O2 bubbles can be clearly seen from both the cathode 

and anode during the electrolysis process, respectively. The LSV curves in Figure 6b indicate that the cell 

with the Ni-Bi/meso-Ir requires only 1.55 V to reach a current density of 10 mA cm
–2

, outperforming the 

coupled commercial benchmark Ir black || Pt/C catalysts. In addition, the Ni-Bi/meso-Ir-based device also 

exhibits higher catalytic stability than that using commercial catalysts at both low (10 mA cm
–2

) and high 

(100 mA cm
–2

) current density (Figure 6c). Furthermore, the faradaic efficiency for H2 and O2 generation by 

this electrolyzer was also evaluated by comparing the experimentally generated gas volume and theoretically 

calculated gas volume (Figure S17). The H2:O2 gas volume ratio close to 2:1 can be observed, with a 

faradaic efficiency of 98.1% and 97.4% for HER and OER, respectively. The prominent water splitting 

performance of dual-phase Ni-Bi/meso-Ir heterostructures could be ascribed to three reasons: (1) the 

well-defined 2D mesoporous nanosheets possess large specific surface area, rich active sites, and short 
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mass/charge transport distance; (2) the as-formed face-contact amorphous-crystalline heterointerfaces 

significantly synergistic interaction between meso-Ir and Ni-Bi layers, and facilitate the electron transfer 

between metals and boron; (3) the amorphous Ni-Bi layers ensure a sufficient adsorption sites of the catalyst 

and enhance the hydrophilicity.  

 

Conclusion 

In conclusion, we have presented a simple approach for developing highly efficient overall water splitting 

electrocatalyst by taking advantages of heterostructure engineering. The crystalline meso-Ir modified by 

amorphous nickel boron oxide layers forming a Ni-Bi/meso-Ir heterostructure exhibits outstanding OER and 

HER electrocatalytic activities and long-term durability in an alkaline media, superior to bare meso-Ir, Ni-B 

NPs and commercial state-of-the-art catalysts. The presence of Ni-Bi layers not only guarantees favorable 

electron transfer between meso-Ir and Ni-Bi but also improves the catalyst hydrophilicity to promote water 

adsorption, resulting in the enhanced catalytic performance. Meanwhile, the unique strong coupled 2D 

mesoporous heterostructure results in a large number of heterojunction interfaces and many active sites, as 

well as accelerate mass diffusion and electron transfer ability. Thus, our work highlights the importance of 

rational heterostructures interface engineering and provides a simple route to future design advanced 

electrocatalysts.  
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