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The conventional thermal transformation of metal–organic frameworks (MOFs) for 

electrocatalysis requires high temperature, an inert atmosphere, and long durations that result 

in severe aggregation of metal particles and non-uniform porous structures. Herein, a precise 

and inexpensive laser-induced annealing (LIA) strategy, which eliminates particle aggregation 

and rapidly generates uniform structures with a high exposure of active sites, is introduced to 

carbonize MOFs on conductive substrates under ambient conditions within a few minutes. By 

systematically considering 8 substrates and 12 MOFs, a series of LIA-MOF/substrate devices 

with controllable sizes and good flexibility are successfully obtained. These LIA-

MOF/substrate devices can directly serve as working electrodes. Remarkably, LIA-MIL-

101(Fe) on nickel foam exhibits an ultralow overpotential of 225 mV at a current density of 50 

mA cm–2 and excellent stability over 50 h for facilitating oxygen evolution reaction, 

outperforming most recently reported transition-metal-based electrocatalysts and commercial 
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RuO2. Physical characterizations and theoretical calculations evidence that the high activity of 

LIA-MIL-101(Fe) arises from the favorable adsorption of intermediates at its Ni-doped Fe3O4 

overlayer that is formed during the laser treatment. Moreover, the LIA-MOF/substrate devices 

are assembled for overall water splitting. The proposed LIA strategy demonstrates a cost-

effective route for manufacturing scalable energy storage and conversion devices. 

 

 

 

Hydrogen, a renewable and environmentally benign energy source, has become one of the 

promising alternatives to fossil fuels that exacerbates atmospheric pollution.[1] Electrochemical 

water splitting is a sustainable strategy to produce hydrogen gas (H2) as a clean energy resource, 

which plays an important role in energy conversion and storage technologies.[2–5] However, 

both the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) are 

kinetically sluggish, and their large overpotentials impede the efficiency of overall water 

splitting. Commercial noble-metal-based catalysts (i.e., Pt/C for HER, IrO2 or RuO2 for OER) 

have high-efficient electrocatalytic performance but presents some drawbacks including high 

cost and low abundance.[6–8] Therefore, significant efforts have been made to develop transition-

metal-based hybrid materials for electrocatalytic applications.[9–15] 

Metal–organic frameworks (MOFs), a class of classic porous crystalline materials, have been 

intensively studied as precursors to prepare for high-performance electrocatalysts,[16–19] for 

example, metal oxide/carbon[20, 21] and metal/carbon materials.[22] Through a conventional high-

temperature carbonization treatment under an inert atmosphere, MOFs can be converted to 

transition-metal-based composites with metal nanoparticles confined within a porous carbon 

shell, which exhibit excellent electrocatalytic performances for water splitting.[23, 24] Despite the 

steady development progress, the carbonization of MOFs still faces several challenges to be 

overcome urgently.[25] First, the high-temperature annealing of MOFs is a complex synthesis 

method, and its long durations cause severe aggregation of metal particles and production of 
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harmful gases. Second, the carbonization process is usually carried out in the confined space of 

a horizontal furnace under the protection of inert gases, leading to the time- and energy-

consuming fabrication of electrode materials with limited sizes. Third, the MOF powders that 

are directly loaded or grown on conductive supports usually have weak interactions with the 

supports and could be easily peeled off without addition of binders. Therefore, it is critical to 

develop cost-effective, facile and scalable strategies to synthesize MOF-based electrocatalysts. 

Laser-induced printing technique has been used to prepare multi-functional materials and 

devices due to its advantages of low-cost, precision, ease of preparation, and high scalability.[26–

30] Recently, this technique has been reported to prepare carbon-based materials under ambient 

conditions,[31–35] which is attributed to that laser can induce high local heating temperature (over 

2500 C) to break C–O, C=O, or C–N bonds followed by the recombination of these elements 

to produce gaseous products.[36, 37] The transient reducing atmosphere around the sample can 

reduce metal ions to form metal particles while the aromatic fragments are rearranged to form 

the graphitic carbon structures.[38, 39] Specifically, MOFs can be laser-treated to prepare 

derivatives with uniform structures, of which the metal nanoparticles are coated by a porous 

carbon shell, due to the focused laser source and rapid carbonization process in air.[40–43] This 

facile laser-induced treatment strategy is more advantageous than the conventional high-

temperature annealing method by avoiding particle aggregation, generating a high yield, and 

reducing the time consumption. Despite these advantages, few reports have explored laser-

carbonized MOFs for water-splitting applications.[42] Additionally, most samples reported in 

scientific literatures that undergo laser-induced treatment on non-conductive substrates (e.g., 

polyamide and glass films) are unsuitable for electrocatalysis. Therefore, it is desirable to laser-

treat MOFs on an appropriate conductive substrate (e.g., nickel foam, carbon paper, and copper 

foil) to form a MOF-based composite/substrate device with control morphologies, thereby 

serving as promising electrodes for water splitting. 
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Herein, we introduce a laser-induced annealing (LIA) strategy to carbonize MOFs on 

conductive substrates using a focused 10.6 μm CO2 laser under ambient conditions. Twelve 

MOFs and eight conductive substrates are explored to prepare a series of LIA-MOF/substrate 

devices with controllable sizes (up to a size of 15*15 cm2) and good flexibility. The LIA-MOFs 

show core–shell structures in which metal nanoparticles are coated by porous carbon, and 

adhere to different substrates tightly without any binders. Remarkably, LIA-MIL-101(Fe) 

achieves a current density of 50 mA cm–2 at an ultralow overpotential of 225 mV for OER while 

LIA-Ni-BDC exhibits good HER performance with an overpotential of 146 mV at –10 mA cm–

2. Such high electrocatalytic activities endow an optimized LIA-Ni-BDC||LIA-MIL-101(Fe) 

electrolyzer with an excellent overall water splitting performance, which requires a voltage of 

1.59 V to reach a current density of 10 mA cm–2. Structural studies and density functional theory 

(DFT) calculations verify that the laser irradiation boosts the exposure of active sites, where the 

as-formed Ni-doped Fe3O4 overlayers on the surface of LIA-MIL-101(Fe) promotes the OER 

process.  

Figure 1a illustrates the schematic of synthesizing LIA-MOFs on different substrates by the 

LIA strategy. First, 12 MOFs including Fe-based MOFs (i.e., MIL-101(Fe), PMo12@MIL-

101(Fe), NH2-MIL-101(Fe), MIL-100(Fe), and MIL-88B(Fe)), ZIFs (i.e., ZIF-67, ZIF-8, and 

ZIF-67/ZIF-8), Ni-based MOFs (i.e., Ni-BDC and NiFe-BDC), and Cu-based MOFs (i.e., 

HKUST-1 and PMo12@HKUST-1) were synthesized. Powder X-ray diffraction (PXRD) 

patterns and scanning electron microscopy (SEM) images in Figure S1–7 verify the successful 

synthesis of the 12 MOFs. Then, the MOF powders were loaded onto both sides of a conductive 

substrate. Eight substrates including nickel foam (NF), copper foam, nickel foil, iron foil, 

copper foil, carbon cloth, carbon paper, and laser-induced graphene on polyamide sheet (LIG-

PI) were selected for investigation in this work. Finally, both sides of the obtained 

MOF/substrate films were irradiated by a focused CO2 laser under ambient conditions to 

prepare LIA-MOFs in a few minutes (Video S1). During the LIA process, the ultrahigh energy 
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at the surface of MOFs enabled the formation of core–shell structures with metal nanoparticles 

embedded within porous carbon shells. Four representative MOFs (i.e., MIL-101(Fe), ZIF-67, 

Ni-BDC, and PMo12@HKUST-1) on NF were precisely treated into patterns of their 

corresponding structures, as indicated by the black regions, under the exposure of a localized 

laser heating (Figure 1b–d).  

Due to the high scalability of the LIA strategy, the laser-treated LIA-MIL-101(Fe)/NF films, 

selected for a typical demonstration, could be prepared with controllable sizes (2*2, 5*5, and 

15*15 cm2) (Figure 2a). To further investigate the effect of MOF precursors on the 

morphologies of their carbonized composites, four representative MOFs of MIL-101(Fe), ZIF-

67, Ni-BDC, and PMo12@HKUST-1 were loaded on NF and carbonized into black powders 

after laser irradiation (Figure 2b–e). According to the low- and high-magnification SEM 

images of LIA-MIL-101(Fe), LIA-ZIF-67, LIA-Ni-BDC, and LIA-PMo12@HKUST-1, all the 

LIA-MOF composites exhibit nano-sized spherical particles, which were uniformly and tightly 

attached on the skeleton of NF (Figure 2f–m). The other eight LIA-MOFs carbonized on NF 

show similar particle morphologies (Figure S8, 9). The atomic percentages of corresponding 

elements in the four representative LIA-MOF samples were determined by energy dispersive 

X-ray (EDX) analysis, suggesting the successful loading of LIA-MOFs on the NF substrate 

after the LIA treatment (Table S1). The elemental mapping analysis of LIA-MIL-101(Fe) on 

NF was also conducted (Figure S10). Elements Fe, Ni, C, and O were homogeneously 

distributed over the NF skeleton, suggesting the uniform adhesion of the LIA-MIL-101(Fe) 

composite on NF. Moreover, seven other conductive substrates were also selected to prepare 

LIA-MIL-101(Fe) for morphological and structural analyses according to the photographs, the 

SEM images and PXRD patterns in Figure S11–20.  

The PXRD patterns of the four representative LIA-MOFs on NF show three characteristic 

peaks of metal Ni (JCPDS no. 1-1258) at 44.5, 51.6, and 76.2, respectively (Figure 3a). Four 

peaks with a low crystalline degree appear in the PXRD pattern of LIA-PMo12@HKUST-1 due 
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to the formation of MoC (JCPDS no. 65-280). Raman spectra of the four samples show two 

major bands located at 1340 and 1480 cm–1, which correspond to the defect structure (D band) 

and stretching of C–C bond in graphitic sp2 carbon materials (G band), respectively (Figure 

3b). The intensity ratios of D to G bands (ID/IG) of LIA-MIL-101(Fe), LIA-ZIF-67, LIA-Ni-

BDC, and LIA-PMo12@HKUST-1 on NF are 0.98, 1.3, 1.29, and 0.92, respectively, suggesting 

the formation of graphitic and disordered carbon structures after the LIA treatment. 

Additionally, a small peak at 680 cm–1 in the Raman spectrum of LIA-MIL-101(Fe) corresponds 

to the FeO4 tetrahedra due to the formation of iron oxide species.[44] Nitrogen adsorption–

desorption isotherms of the four LIA-MOFs on NF exhibit type IV isotherms owing to their 

mesoporous structures, which could be attributed to the generation of gaseous products during 

the LIA process (Figure 3c). The Brunauer–Emmett–Teller (BET) surface areas of LIA-MIL-

101(Fe), LIA-ZIF-67, LIA-Ni-BDC, and LIA-PMo12@HKUST-1 on NF are calculated to be 

13.6, 48.9, 22.3, and 15.9 m2 g–1, respectively, which are in accord with their different 

morphologies and structures after the LIA treatment. Please note that the BET surface area of 

an electrocatalyst may not directly reflect to its true electrochemically active surface area.[45] 

Pore size distributions calculated by the Barrett–Joyner–Halenda (BJH) method confirm that 

most mesopores of the LIA-MOFs have a size ranging from 2 to 8 nm (Figure S21). 

X-ray photoelectron spectroscopy (XPS) was applied to analyze the surface compositions and 

chemical states of LIA-MOFs on NF. The atomic ratios of corresponding elements obtained by 

XPS analysis are listed in Table S2. Accordingly, the Fe 2p spectrum of LIA-MIL-101(Fe)/NF 

presents the binding energies of Fe 2p3/2 located at 712.9, 710.9, and 707.4 eV, which 

correspond to Fe (III), Fe (II), and Fe (0), respectively, suggesting the formation of iron oxide 

and metallic Fe species (Figure 3d). The Ni 2p spectrum shows two main regions indexed to 

Ni 2p3/2 and Ni 2p1/2, indicating the existence of oxidized Ni species (Figure 3e). The O 1s 

spectrum shows three peaks of C–O–H, C–O, and M–O (M = Fe or Ni) bonds at 533.0, 531.8, 

and 530.6 eV, respectively (Figure 3f). The existence of M–O bond further verifies the surface 
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oxidation of Fe during the LIA treatment in air. In addition, the XPS spectra of LIA-ZIF-67, 

LIA-Ni-BDC, and LIA-PMo12@HKUST-1 on NF are shown in Figure S22–24 with the related 

discussions included below. 

The porous structures of LIA-MOFs were then studied by transmission electron microscopy 

(TEM). The TEM image of LIA-MIL-101(Fe) exhibits uniform spherical nanoparticles, which 

are confined within porous carbon shells (Figure 3g). The high-resolution TEM (HRTEM) 

image of LIA-MIL-101(Fe) displays distinct lattice fringes with interplanar distances of 0.201 

and 0.297 nm (Figure 3h), which are indexed to the (110) plane of metal Fe (JCPDS no. 1-

1267) and the (220) plane of iron oxide (Fe3O4, JCPDS no. 1-1111), respectively. The selected-

area electron diffraction (SAED) pattern exhibits two main diffraction rings corresponding to 

the (110) and (200) facets of Fe while the two inner rings are assigned to the (311) and (220) 

planes of Fe3O4 (Figure 3i). Similarly, the TEM and HRTEM images of LIA-ZIF-67, LIA-Ni-

BDC, and LIA-PMo12@HKUST-1 show metal nanoparticles embedded within porous carbon, 

suggesting their core–shell structures (Figure 3j and S25). 

Based on the characterization results, it is evident that LIA-MIL-101(Fe) comprises Ni-doped 

metal nanoparticles of Fe and Fe3O4, which were coated with porous carbon shells (Ni-

Fe3O4/Fe@C). When a focused CO2 laser irradiated on MIL-101(Fe)/NF under ambient 

conditions, it generated an instantaneous high temperature (over 2500 °C) on the sample due to 

the photothermal effects. The C–O, C=O, and O–H bonds in ligands of MIL-101(Fe) were 

decomposed to produce reducing gases, facilitating chemical reduction reactions to convert Fe 

ions into metal Fe. The Fe species on the surface of LIA-MIL-101(Fe) were partially oxidized 

to form a stable Fe3O4 overlayer due to the existence of oxygen in air.[46] The non-metal 

elements were rearranged to form porous carbon structures. Moreover, the rapid metal melting, 

mixing and solidification during the LIA process caused the doping of Ni species (melting point 

of 1453 °C) into LIA-MIL-101(Fe). Therefore, MOFs could be successfully carbonized by the 
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rapid and mild LIA process to form core–shell structures, in which metal particles are embedded 

within porous carbon layers.  

The OER electrocatalytic activities of the 12 LIA-MOFs on NF were investigated using a 

typical three-electrode configuration in an alkaline electrolyte (pH = 14) at room temperature. 

The electrocatalytic performance of the LIA-treated NF (LIA-NF) substrate was first measured, 

which showed poor OER and HER activities (Figure S26). Linear sweep voltammetry (LSV) 

polarization curves of four LIA-MOFs and a commercial RuO2 catalyst are shown in Figure 

4a. The overpotential required at a current density of 50 mA cm–2 for LIA-MIL-101(Fe) was 

only 225 mV, which was much lower than that of LIA-ZIF-67 (365 mV), LIA-Ni-BDC (419 

mV), LIA-PMo12@HKUST-1 (464 mV), and the RuO2 catalyst (487 mV). The LSV curve of 

LIA-MIL-101(Fe) displays a relatively strong anodic peak shifting positively to a potential of 

~1.39 V compared to that of LIA-Ni-BDC (1.35 V) due to the Fe-based species on NF.[47] The 

Tafel slope can be used to verify the rate-determining step of an electrocatalytic process. As 

shown in Figure 4b, the Tafel slopes of LIA-MIL-101(Fe), LIA-ZIF-67, LIA-Ni-BDC, and 

LIA-PMo12@HKUST-1 were calculated to be 60, 73, 136, and 128 mV dec-1, respectively, 

which were even much lower than that of RuO2 (177 mV dec–1). For comparison, LSV curves 

and Tafel plots of other LIA-MOFs on NF for OER were measured and shown in Figure S27–

30. A comparison of the overpotentials obtained at 50 mA cm–2 and Tafel slopes of 12 LIA-

MOFs on NF is summarized in Figure 4c and Table S3. The OER performances of LIA-MIL-

101(Fe) laser-carbonized on the other conductive substrates were also investigated in detail 

(Figure S31). Additionally, the laser power and speed were varied to prepare LIA-MIL-101(Fe) 

on NF with different carbonization degrees and electrocatalytic performances (Figure S32–35). 

Overall, LIA-MIL-101(Fe) on NF exhibits an enhanced electrocatalytic performance for OER 

due to its unique core–shell structure, which is superior to most of the recently reported 

transition-metal-based electrocatalysts (Table S4). 
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The electrochemically active surface area (ECSA) is an important parameter to reflect the 

number of active sites on the surface of a catalyst. The ECSA can be determined based on the 

electrochemical double-layer capacitance (Cdl), which is calculated from cyclic voltammetry 

(CV) curves performed in a non-faradic region (Figure S36). LIA-MIL-101(Fe) had a Cdl value 

of 8.7 mF cm–2, which was 1.5, 1.7, and 4.4 times higher than that of LIA-ZIF-67 (5.9 mF cm–

2), LIA-Ni-BDC (5.1 mF cm–2), and LIA-PMo12@HKUST-1 (2.0 mF cm–2), respectively, 

indicating that LIA-MIL-101(Fe) possessed more exposed active sites than other LIA-MOFs 

counterparts (Figure 4d). The electrochemical impedance spectroscopy (EIS) spectra were 

provided to analyze the charge transport kinetics between catalyst and electrolyte. Charge 

transfer resistances (Rct) of LIA-MIL-101(Fe), LIA-ZIF-67, LIA-Ni-BDC, and LIA-

PMo12@HKUST-1 were fitted to be 0.2, 8.5, 11.5, and 36.4 , respectively (Figure 4e). 

Notably, LIA-MIL-101(Fe) had the lowest value of Rct among all control samples, suggesting 

its increased conductivity, enhanced charge transport ability and promoted electrolyte 

infiltration into the porous structures during OER. 

The chronopotentiometric curve of LIA-MIL-101(Fe) measured at a constant current density 

of 50 mA cm–2 for 50 h shows a slight increase of 0.25% in the potential throughout the stability 

test (Figure 4f). Additionally, the LSV curve of LIA-MIL-101(Fe) after 1000 CV cycles shows 

almost no change when compared with the initial one, suggesting its good stability during the 

OER process (Figure S37). Such an excellent stability performance could be attributed to the 

binder-free feature and good adherence of LIA-MIL-101(Fe) on NF, which was hardly shed or 

dissolved into the electrolyte. To gain further insights into the real active sites, a series of 

physical characterizations (i.e., PXRD, EDX, SEM, TEM, HRTEM, and XPS) of LIA-MIL-

101(Fe) after the stability test of 5000 CV cycles for OER were performed. Accordingly, no 

significant structural and compositional changes were observed after the stability test, 

indicating that the active Ni-Fe3O4/Fe@C species are stable electrocatalysts for OER (Figure 

S38, 39).  
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The HER performance of the four LIA-MOF samples were compared in 1 M KOH. The LSV 

curve of LIA-Ni-BDC requires a low overpotential of 146 mV to achieve a current density of –

10 mA cm–2, outperforming other samples including LIA-MIL-101(Fe) (225 mV), LIA-

PMo12@HKUST-1 (263 mV), and LIA-ZIF-67 (270 mV) (Figure 4g). The Tafel slopes of LIA-

Ni-BDC, LIA-MIL-101(Fe), LIA-PMo12@HKUST-1, and LIA-ZIF-67 were calculated to be 

116, 120, 125, and 128 mV dec–1, respectively, implying their Volmer–Heyrovsky mechanisms 

during HER processes (Figure 4h). In addition, the chronopotentiometric curve of LIA-Ni-

BDC was obtained at –50 mA cm–2 over 50 h, suggesting good long-term stability for HER 

(Figure 4i). The LSV curves of LIA-Ni-BDC before and after 1000 CV cycles show that the 

overpotential at the current density of 50 mA cm–2 has a negative shift of only 5 mV, further 

indicating its good electrocatalytic stability (Figure S40). 

To understand the origin of the excellent performance of LIA-MIL-101(Fe)/NF, we conducted 

first-principles DFT calculations with a focus on its active surface composition, that is the Ni-

doped Fe3O4 overlayers, in the OER process. We constructed a variety of Fe3O4 slabs and 

investigated their intrinsic binding to the intermediate OH*, O*, and OOH* (Figure 5a, b). 

From Table S5, it can be observed that the adsorption of the intermediates on the top Fe sites 

(referred to as “t-Fe”) of pristine Fe3O4 is very weak, while its hollow Fe sites (referred to as 

“h-Fe3”) bind to the intermediates strongly. Both conditions are unfavorable for OER as 

referring to the Sabatier principle. In contrast, Ni doping over Fe3O4 brings about strengthened 

intermediate bindings on its hollow NiFe sites (referred to as “h-NixFey”), which corresponds 

to a mediated adsorption-desorption behavior. It is noted that the adsorption free energy of OH* 

(ΔGOH*) on these sites exhibits a linear relation with that of OOH* (ΔGOOH*), displaying a slope 

of ~0.79 and an intercept at ~3.29 eV (Figure 5c). Such a scaling relationship is similar to the 

energy correlation established on oxide surfaces.[48] 

The calculated OER free energy diagrams are shown in Figure 5d and Figure S41, and the 

optimized structures of the intermediates are depicted in Figure S42. As expected, large 
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theoretical overpotentials (t) appeared in pristine Fe3O4 as a result of either strong or weak 

adsorption of the intermediates: t = 0.83 V for t-Fe and t = 1.40 V for h-Fe3. The potential-

limiting step of the t-Fe and h-Fe3 sites are the OH* and OOH* formation steps, respectively. 

Because of the mediated adsorption-desorption behavior, reduced t was identified on the four 

types of hollow NiFe sites of Ni-doped Fe3O4. For example, t of h-Ni2Fe-a and h-Ni2Fe-b were 

calculated to be 0.51 and 0.38 V, respectively, both are much smaller than that of pristine Fe3O4. 

Therefore, the Ni-doped Fe3O4 overlayers are highly active for catalyzing OER, which is in 

good agreement with our experimental measurements. To provide an intuitive demonstration of 

the activity−structure relationship, we compiled our computational results on a volcano plot 

(Figure 5e). Among the active sites under investigation, the h-NixFey sites are close to the top 

of the volcano, while the pristine Fe sites and h-Ni3 sites are quite far away from the top areas. 

Particularly, the location of h-Ni2Fe-b almost reaches the peak of the volcano, corresponding to 

a high theoretical OER activity. Moreover, we performed partial density of states (PDOS) 

analysis on the active sties and calculated that the d-band center (εd) of h-NiFe2-b (–2.41 eV), 

as compared with that of h-Fe3 (−1.24 eV), shifts away from the Fermi level (EF) (Figure 5f). 

According to the d-band theory, a lower εd generally brings about weaker interaction with 

adsorbate. This result rationalizes the more favorable intermediate bindings on h-NiFe2-b than 

the strong ones on the pristine h-Fe3.  

To prove the advantages of the LIA strategy, we synthesized MIL-101(Fe)-derived 

composites on NF (MIL-101(Fe)/NF-900) at 900 °C for 3 h under an inert atmosphere using a 

horizontal tube furnace. The SEM image of MIL-101(Fe)/NF-900 shows agglomerated micro-

sized particles because of the elevated carbonization temperature (Figure S43). MIL-101(Fe)-

900/NF demonstrates lower OER performance with a larger overpotential and Tafel slope than 

that of LIA-MIL-101(Fe) on NF (Figure S44). Although both MOF-derived composites were 

loaded on NF without binder, LIA-MIL-101(Fe) adhered to NF tightly while MIL-101(Fe)-
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900/NF were easily peeled off the surface of NF. The binder-free feature increases the number 

of exposed active sites and avoids agglomeration of particles, leading to the enhanced 

electrocatalytic activity and stability.[49] Additionally, the LIA strategy precisely controls the 

treatment areas of LIA-MOFs on NF. The LSV curves of LIA-MIL-101(Fe) with different 

measurement areas (1*1, 2*2, and 4*4 cm2) reveal that a larger measurement area induces a 

higher current during OER (Figure 6a). To demonstrate its good flexibility, the LIA-MIL-

101(Fe)/NF film was served as a flexible working electrode for OER. As shown in Figure 6b, 

the LSV curves obtained at different bending states (0, 45, 90, and 180) exhibit almost 

unchanged overpotentials at 50 mA cm–2. Therefore, LIA-MOFs post an enormous potential to 

meet the requirements of industrial water splitting applications due to the controllable 

preparation, good flexibility and high electrocatalytic performance. 

To combine the high-efficient performances of LIA-MIL-101(Fe) for OER and LIA-Ni-BDC 

for HER, a two-electrode electrolyzer was assembled for overall water splitting measurement 

in 1 M KOH. The LIA-Ni-BDC||LIA-MIL-101(Fe) electrolyzer requires cell voltages of 1.59 

and 1.71 V to reach the current densities of 10 and 50 mA cm–2, respectively (Figure 6c). The 

LIA-Ni-BDC||LIA-MIL-101(Fe) electrolyzer demonstrates a higher electrocatalytic activity 

than the control samples of Pt/C||RuO2 and NF||NF and other recently reported transition-metal-

based electrolyzers (Table S6). The long-term stability test of LIA-Ni-BDC||LIA-MIL-101(Fe) 

performed at a constant current density of 50 mA cm–2 shows a negligible decay of the activity 

with a 1.8% increase in the potential over 50 h in contrast to the poor stability of the commercial 

Pt/C||RuO2 electrolyzer (Figure 6d). 

In summary, we have demonstrated a novel yet simple LIA strategy to rapidly carbonize 12 

MOFs to produce LIA-MOFs on 8 conductive substrates using a focused 10.6 μm CO2 laser 

under ambient conditions. The laser-treated LIA-MOFs tightly anchored on a substrate without 

binder exhibit unique core–shell structures in which metal nanoparticles are coated by porous 

carbon. Due to the high-energy output and resolution of the CO2 laser, LIA-MOFs can be 
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patterned on conductive substrates with controllable sizes (up to 15*15 cm2) and high 

flexibility. Remarkably, LIA-MIL-101(Fe) on NF achieves an ultralow overpotential of 225 mV 

at 50 mA cm–2, a small Tafel slope of 60 mV dec–1 and excellent long-term stability in 1 M 

KOH. Physical characterizations and DFT studies suggest the origin of enhanced OER activity 

to be the active species of the Ni-doped Fe3O4 overlayer on the surface of LIA-MIL-101(Fe). 

Moreover, the LIA-Ni-BDC||LIA-MIL-101(Fe) electrolyzer demonstrates superior overall 

water splitting performance to most of the reported transition-metal-based electrolyzers. The 

convenient, time-efficient and cost-effective LIA strategy is inspiring to the large-scale 

carbonization of MOFs, polymers and other aromatic compounds for industrial applications, 

such as electrocatalysis, supercapacitors, sensors and water treatment.  
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Figure 1. (a) Schematic illustration of laser-induced annealing of MOFs on conductive 

substrates. Laser-induced annealing of different MOFs into patterns of their corresponding 

structures on NF: (b) MIL-101(Fe), (c) ZIF-67, (d) Ni-BDC, and (e) PMo12@HKUST-1. 
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Figure 2. (a) Views of different sizes of MIL-101(Fe) on NF before and after the LIA treatment. 

Photographs of the MOFs loaded on NF before and after the LIA treatment: (b) MIL-101(Fe) 

and LIA-MIL-101(Fe), (c) ZIF-67 and LIA-ZIF-67, (d) Ni-BDC and LIA-Ni-BDC, (e) 

PMo12@HKUST-1 and PMo12@HKUST-1. Low- and high-magnification SEM images of (f, 

g) LIA-MIL-101(Fe), (h, i) LIA-ZIF-67, (j, k) LIA-Ni-BDC, and (l, m) LIA-PMo12@HKUST-

1. 
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Figure 3. Compositional and structural analyses of LIA-MOFs on NF. (a) PXRD patterns, (b) 

Raman spectra, and (c) nitrogen adsorption-desorption isotherms of LIA-MIL-101(Fe), LIA-

ZIF-67, LIA-Ni-BDC, and LIA-PMo12@HKUST-1 on NF. High-resolution XPS spectra of (d) 

Fe 2p, (e) Ni 2p, and (f) O 1s of LIA-MIL-101(Fe) on NF. (g) TEM image, (h) HRTEM image, 

and (i) SAED pattern of LIA-MIL-101(Fe) exfoliated from NF via ultrasonication. (j) HRTEM 

image of LIA-ZIF-67 exfoliated from NF via ultrasonication. 
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Figure 4. Electrocatalytic performance of LIA-MOFs on NF for OER and HER in 1 M KOH. 

(a) LSV polarization curves and (b) corresponding Tafel plots of LIA-MIL-101(Fe), LIA-ZIF-

67, LIA-Ni-BDC, LIA-PMo12@HKUST-1 and commercial RuO2 catalyst for OER. (c) 

Histogram of overpotentials obtained at 50 mA cm–2 of 12 LIA-MOFs, commercial RuO2 

catalyst, and NF. (d) Plots of capacitive current densities obtained at 0.874 V vs. RHE as a 

function of scan rates. (e) EIS spectra measured at an overpotential of 300 mV with the inset 

being the enlarged area at the high-frequency region. (f) Chronopotentiometric curve of LIA-

MIL-101(Fe) recorded at a constant current density of 50 mA cm–2. (g) LSV polarization curves 

and (h) corresponding Tafel plots of LIA-MIL-101(Fe), LIA-ZIF-67, LIA-Ni-BDC, LIA-

PMo12@HKUST-1, and commercial Pt/C catalyst for HER. (i) Chronopotentiometric curve of 

LIA-Ni-BDC recorded at a constant current density of –50 mA cm–2. 
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Figure 5. DFT simulations of the OER process. Atomic structures of (a) pristine Fe3O4 and (b) 

Ni-doped Fe3O4 slabs. The black solid circle denotes the top Fe sites. The hollow Fe and NiFe 

sites are highlighted by the black dashed triangles. (c) Adsorption free energy of OH* (ΔGOH*) 

as a function of the adsorption free energy of OOH* (ΔGOOH*). The fitted linear equation is 

ΔGOOH* = 0.79ΔGOH* + 3.29 eV (R2 = 0.98). (d) Free energy diagrams of the OER on the top 

Fe, hollow Fe, h-Ni2Fe-a and h-Ni2Fe-b sites at equilibrium potential (U = 1.23 V). The dash 

lines represent the potential-limiting step. The numbers denote the values of theoretical 

overpotential (t). (e) Volcano plot of the OER theoretical overpotential t vs. the value of ΔGO* 

− ΔGOH*. (f) Partial density of states of the pristine h-Fe3 and h-NiFe2-b sites with the 

corresponding d-band center (εd). The Fermi level (EF) is set at 0 eV. 
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Figure 6. (a) LSV polarization curves of LIA-MIL-101(Fe) on NF with different testing areas 

for OER in 1 M KOH. Insets in (a) are the photographs of working electrodes with different 

testing areas. (b) LSV polarization curves of LIA-MIL-101(Fe) on NF with different bending 

angles for OER in 1 M KOH. Insets in (b) are the photographs of LIA-MIL-101(Fe)/NF at 

different bending angels. (c) LSV polarization curves of LIA-Ni-BDC||LIA-MIL-101(Fe), 

Pt/C||RuO2 and NF||NF for overall water splitting in 1 M KOH. (d) Chronopotentiometric 

curves of LIA-Ni-BDC||LIA-MIL-101(Fe) and Pt/C||RuO2 measured at a constant current 

density of 50 mA cm–2.  
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A laser-induced annealing (LIA) strategy is applied to synthesize a series of LIA-MOFs on 

conductive substrates under ambient conditions within a few minutes. The obtained LIA-

MOF/substrate devices with controllable sizes and good flexibility exhibit excellent 

performance for electrochemical water splitting due to the formation of an active Ni-doped 

Fe3O4 overlayer during the laser treatment. 
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