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Two-dimensional (2D) metal–organic frameworks (MOFs) have emerged as intriguing 2D materials because of their specific features of 2D morphology and designable skeletons, which have elicited great interest in environment remediation. In this work, 2D MOF nanosheets are fabricated via a mixed-solvent solvothermal method, and a regulation strategy of metal inorganic clusters on MOFs is used to construct two different 2D MOFs with monometallic and bimetallic coordination, that is, Ni-MOF and Ni/Cd-MOF. Binary metal coordination renders more crystal defects and vacancies in the framework; thus, compared to monometallic Ni-MOF, bimetallic Ni/Cd-MOF exhibits fewer layers (4∼5 layers), higher specific surface area, larger pore size, and higher surface electronegativity, which leads to its excellent adsorption removal for Pb2+, with higher adsorption rate and affinity, and superior adsorption capacity (950.61 mg/g, almost twice as high as that of monometallic Ni-MOF). Besides, the adsorption mechanism further confirmed that the carboxyl groups (−COO−) from organic linker on 2D MOFs serve as the main binding sites for Pb2+ coordination, and bimetallic Ni/Cd-MOF has more active −COO− sites for Pb2+ capture. Thus, the bimetallic Ni/Cd-MOF regulated by heterogeneous metal atoms shows promising application for highly efficient adsorption of heavy metal ions.
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INTRODUCTION
Water pollution poses a great challenge to the sustainable development of human society, and organic pollutants and heavy metal ions are the biggest culprits, of which heavy metal ions are of special concern ascribing to their recalcitrance in the environment (Chen and Wang, 2006). For example, the heavy metal ion of lead (Pb2+), which is nonbiodegradable, could accumulate in living organisms and cause damage to the central nervous system, liver, and reproductive system. In particular, exposure to lead could cause irreversible effects in terms of the cognitive performance of children (Naseem and Tahir, 2001; Fu and Wang, 2011). Therefore, control and management of heavy metal ions in case they are released into the environment as a growing burden of pollution are vitally important and urgent. Among the mature techniques [e.g., chemical precipitation (Matlock and Howerton, 2002), ion exchange (Alyüz and Veli, 2009), adsorption (Yang et al., 2011), and membrane filtration (Liu et al., 2020)], adsorption is an appealing treatment option because of its high efficiency and low energy (Li et al., 2019b). Great efforts have been devoted to exploring high-efficient adsorbent materials such as bimetallic oxide (Wen et al., 2018) and porous carbon (Jafari et al., 2020). In recent years, framework-based materials with abundant porous structures and functional surface groups have gained great concerns and considered to be burgeoning adsorbents (Li et al., 2018; Duan et al., 2019).
One of the attention-grabbing framework-based nanomaterials, metal–organic framework (MOF) materials with predesigned structure and active sites, has been widely applied in water purification (Jiang et al., 2019), carbon dioxide reduction (Meng et al., 2020; Yan et al., 2020), sensors (Li et al., 2016), etc. However, porous and function-customized characteristics make MOFs excellent candidates as adsorbents to remove heavy metal ions with superior performances (Chen et al., 2016; Lei et al., 2019; Zhang et al., 2020). To date, a series of MOFs such as UiO-66 (Luo et al., 2016), ZIF-8 (Jian et al., 2016), and MIL-101 (Luo et al., 2015b) have been reported for the adsorption of heavy metal ions. MOFs were constructed with two main components: the metal inorganic clusters and the organic linkers, where the linkers acting as “struts” connect the “joints” of metal ions (Abednatanzi et al., 2019). Usually, organic linkers are the processing targets to design functional MOFs to boost adsorption performance; for example, adopting large organic linkers enables larger pore size of MOFs to facilitate adsorption diffusion (Vuong et al., 2013), and decorating organic linkers with targeted groups [-NH2 (Howarth et al., 2015), -OH (Luo et al., 2015a), etc.] offers more effective sites to increase adsorption capacity or improve adsorption selectivity. Only a few works have been involved in the regulation strategy about metal inorganic clusters for pollutant removal. Zhang and coworkers prepared an Fe/Mn bimetal–organic framework for efficient As(III) removal, with doubled adsorption capacity (161.6 mg·g−1) compared to monometallic Fe-MOF (Zhang et al., 2019), and Yang and coworkers synthesized Mn-doped UiO-66, which exhibited 3.1 times higher adsorption capacity for Cr(VI) removal than pristine UiO-66 (Yang et al., 2019). The effect of metal inorganic cluster regulation on improving adsorption capacity is remarkable, but very limited information can be obtained about the mechanism and regulatory rule, especially for those heavy metal ions with nonoxidative/nonreductive activity. In principle, it is thought that mixed-metal MOFs can offer several advantages over monometallic MOFs by providing complexity and introducing functionality derived from the different metal ions in the MOF structure, and it is predicted that the adsorption performance of mixed-metal MOFs will be beyond that achieved by homometallic MOFs (Abednatanzi et al., 2019; Masoomi et al., 2019).
Two-dimensional (2D) MOFs with 2D morphology and high lateral area-to-thickness aspect ratio (Peng et al., 2014; Zhao et al., 2018; Li et al., 2019a) can expose every active site on their surface that is available to pollutants without diffusion limitations, and this obvious advantage with respect to the three-dimensional counterparts makes 2D MOFs a rapidly growing concern in the field of water purification (Xu et al., 2018; Dhakshinamoorthy et al., 2019; Xu et al., 2020). Structural regulation or post-modification based on 2D MOFs is important to achieve its high adsorption performance for pollutant removal. Hence, in this work, 2D MOF nanosheets were fabricated via a one-step solvothermal method, and the strategy of coordinate metal ions regulation was used to construct two different 2D MOFs with monometallic and bimetallic coordination. The morphology and structural properties of the two as-prepared 2D MOFs were comparatively studied, and their adsorption capacities for Pb2+ removal were comparatively researched. Bimetallic Ni/Cd-MOF shows an excellent adsorption removal of Pb2+, with a higher adsorption rate, higher adsorption affinity, and superior adsorption capacity, than the monometallic Ni-MOF. Furthermore, the adsorption mechanism based on bimetallic coordination for improving Pb2+ removal on 2D MOFs was deeply studied, and the results gleaned here would provide valuable guidance in the 2D MOF material design for efficiently removing heavy metal ions.
MATERIALS AND METHODS
Chemicals and Materials
Nickel(II) acetate tetrahydrate (Ni(OAc)2·4H2O), terephthalic acid (1,4-H2BDC), ethanol, and N,N-dimethylacetamide (DMAC) were purchased from Sinopharm Chemical Reagent Co., Ltd. Cadmium(II) sulfate (CdSO4·8/3H2O) and lead nitrate (Pb(NO3)2) were purchased from Aladdin Biochemical Technology Co., Ltd. All chemicals were used without further purification.
2D MOF Preparation
Bimetallic Ni/Cd-MOF was prepared via a method of one-step hydrothermal reaction. In brief, a solution composed of 0.25 mmol Ni(OAc)2·4H2O and 0.075 mmol CdSO4·8/3H2O dissolved in 30 ml deionized (DI) water was prepared. Then, another solution with 0.125 mmol 1,4-H2BDC in 30 ml DMAC was well mixed with the former Ni/Cd mixture solution to obtain a homogeneous mixture, which was transferred to a 100-ml Teflon vessel subsequently, and sealed to heat at 150°C for 3 h. After the reaction, light green powder was collected by filtration when the mixture was cooled to room temperature. Finally, the precipitate was washed three times alternately by ethanol and DI water and dried at 80 C overnight. The same process was used to prepare monometallic Ni-MOF, and the only variable is that only 0.25 mmol Ni(OAc)2·4H2O and no 0.075 mmol CdSO4·8/3H2O are added to the metal salt solution compared to Ni/Cd-MOF.
Characterization of 2D MOFs
The morphologies of the obtained MOFs were characterized by scanning electron microscopy (SEM) with a Hitachi S4800 cold field emission (Japan) and transmission electron microscopy (TEM, Tecnai F20, Japan) equipped with selected area electron diffraction (SEAD). Scanning probe microscope (SPM, Dimension 3100, Vecco, United States, containing AFM function) was used to measure the thickness of MOF nanosheets. The samples were examined by X-ray diffractometer (D8 ADVANCE, Bruker, Germany) with a Cu Kα X-ray source at 2θ of 5-40°. Structural information and chemical composition were characterized using Fourier transform infrared spectral (FTIR, Thermo Nicolet 6700, United States), Raman (Renishaw inVia reflex, United Kingdom), and X-ray photoelectron spectrometer (XPS, Axis Ultra DLD, Kratos, Japan) [among them, the XPS peaks were calibrated using contaminated carbon (284.6 eV) as a benchmark], respectively. Automatic gas adsorption analyzer (ASAP2020HD88, Micromeritics, United States) was used to test the specific surface area and pore size distribution of the absorbents, and the degassed temperature of the Ni-based MOFs was at 120°C for 6 h, whose surface charges at different pH were measured by Nano-ZS Zetasizer (Malvern, United Kingdom).
Adsorption Experiments
Under an initial Pb2+ concentration of 300 mg/L, the effect of solution pH on Pb2+ adsorption was performed on Ni-MOF and Ni/Cd-MOF with a solid–liquid ratio of 5 mg/15ml, and the solution pH value was adjusted ranging from 2.5 to 7. The equilibrium pH values were recorded, and Pb2+ concentration was detected after 12 h of adsorption at 100 rpm, room temperature. The adsorption kinetics experiments for 2D MOFs were similarly carried out at an initial Pb2+ concentration of 300 mg/L without solution pH adjustment, and Pb2+ concentration was monitored at different time intervals. A batch equilibrium method was conducted for the isothermal adsorption experiments with the initial Pb2+ concentration ranging from 0 to 900 mg/L; after 12 h of adsorption, the apparent equilibrium concentration of Pb2+ at every point was measured, and then, isothermal curves were drawn. All experiments were tested twice. Pb2+ concentration in this work was analyzed by an inductively coupled plasma emission spectrometry (ICP-OES, SPECTROARCOS II, Germany). The specific adsorption amount (q) and remove rate (R) of Pb2+ were calculated by Eq. 1 and Eq. 2:
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where Co and Ce are the initial concentration and equilibrium concentration of Pb2+(mg/L), respectively, [image: image] is the volume of the added solution (ml), [image: image] is the weight of the added adsorbents(mg), and Kd is the partition coefficient of Pb2+ (L/mg).
RESULTS
Synthesis and Characterization of Ni-MOF and Ni/Cd-MOF
A bottom-up solvothermal method using mixed solvent was used to synthesize 2D MOFs, with terephthalic acid as the organic linker and predesigned metal ions as the connecting “joints” (Li et al., 2019a). Regulation of metal ions in 2D MOFs was realized by a monometallic Ni source and bimetal Ni/Cd sources. Morphologies and microstructures of the resulted MOFs were investigated by SEM, TEM, and AFM. From Figures 1A,D, the typical lamellar structure can be observed on both Ni-MOF and Ni/Cd-MOF, with a large lateral size of about 2 μm. Given simple ultrasonic dispersion in sample preparation for TEM characterization, the two obtained MOFs present transparent sheet appearance in Figures 1B,E, indicating an ultrathin thickness of them. The crystalline property of the 2D MOFs can be preliminarily revealed from the concentric ring patterns of selected area electron diffraction (SEAD), independent of monometallic or bimetallic coordination. Subsequently, AFM was used to measure the lamellar thickness, as shown in Figures 1C,F, and bimetallic Ni/Cd-MOF nanosheet was characterized with an average thickness of ∼ 4.6 nm, thinner than monometallic Ni-MOF of ∼ 5.7 nm thickness. The elemental composition and distribution of the 2D MOF nanosheets were further verified by EDX in Figures 1G,H. Homogeneous bimetal distributions of Ni and Cd are found on Ni/Cd-MOF nanosheets, different from the monometallic Ni-MOF with only metal Ni mapping. The two as-prepared 2D MOFs also exhibited their excellent dispersion in an aqueous solution, reflecting the obvious Tyndall effect in Figure 1I. Thus, monometallic and bimetallic 2D MOF ultrathin nanosheets were successfully and directly fabricated via the mixed-solvent solvothermal method, without further exfoliation (Peng et al., 2014; Cliffe et al., 2017; Pang et al., 2020), and the gram-scale yield makes the method feasible to achieve large-scale production, as shown in Supplementary Figure S1.
[image: Figure 1]FIGURE 1 | (A) SEM, (B) TEM, and (C) AFM images of Ni-MOF, the inset is the corresponding SAED pattern; (D) SEM, (E) TEM, and (F) AFM images of Ni/Cd-MOF; STEM image and EDX elemental mappings of (G) Ni-MOF and (H) Ni/Cd-MOF; (I) Tyndall effect of Ni-MOF and Ni/Cd-MOF in aqueous solution.
Framework chemical structures of the prepared 2D MOFs were confirmed via FTIR and Raman spectra in Figures 2A,B, and Supplementary Figure S2. Compared to organic monomer 1,4-H2BDC with a single band at 1,682 cm−1 (asymmetrical stretching vibration of carboxyl, −COO−), obvious double bands of asymmetrical (1,574 cm−1) and symmetrical (1,378 cm−1) stretching vibrations of −COO− can be found on both Ni-MOF and Ni/Cd-MOF. What is more, the intensity ratio of benzene ring vibration to −COO− symmetrical stretching vibration (Ibenzene ring/I−COO−) changes significantly in Raman spectra (Figure 2B), decreasing from 5.27 of monomer to 1.27 of Ni-MOF and 1.18 of Ni/Cd-MOF. All the information reveals a bidentate mode of −COO− on 1,4-H2BDC coordinated with metal ions in the 2D MOF framework (Li et al., 2019a). The significant blue-shift phenomenon of the out-of-plane bending vibration peaks of C−H in the benzene ring occurred on the organic linker after coordination with metal, which blue-shifted from 730 cm−1 and 782 cm−1 of 1,4-H2BDC to 758 cm−1 and 812 cm−1 of Ni/Cd-MOF and 750 cm−1 and 817 cm−1 of Ni-MOF, respectively (Supplementary Figure S2), manifesting such that coordination rendered a decrease of delocalized electron cloud density on the benzene ring of 1,4-H2BDC and increased its vibration energy. Besides, Cd-O/Ni-O bimodal vibration peaks in Ni/Cd-MOF displayed around 420–480 cm−1, which is in stark contrast to the unimodal peak (Ni-O) in Ni/MOF (Li et al., 2019a; Wang et al., 2015; Caglayan and Aksoylu, 2013; Uzunova et al., 1994). Chemical compositions of the 2D MOFs were further analyzed by X-ray photoelectron spectroscope (XPS). According to the full XPS spectra in Figure 2C, the Ni/Cd atom ratio of the bimetallic 2D MOF was calculated to be 2.21, close to the theoretical value of 2, which signifies a controllable method adopted in this study for metal inorganic cluster regulation on MOFs. The peak-differentiating analysis was carried out for Ni and Cd elements as shown in Figures 2E–G. High-resolution XPS spectra of Ni 2p can be deconvoluted into four peaks on both Ni-MOF and Ni/Cd-MOF, among which the peaks at 876.3 eV and 856.0 eV are assigned to Ni 2p3/2 and Ni 2p1/2, respectively, and the remaining two are satellite peaks. These signals verify an oxidation state (+2) of the Ni element in the coordination framework (Du et al., 2019). On the bimetallic Ni/Cd-MOF sample, two characteristic peaks located at 411.6 eV (3d3/2) and 404.9 eV (3d5/2) can be deconvoluted from its Cd 3d XPS spectrum specifically.
[image: Figure 2]FIGURE 2 | (A) FTIR and (B) Raman spectra of Ni-MOF, Ni/Cd-MOF, and 1,4-H2BDC; (C) XPS full spectra of Ni-MOF and Ni/Cd-MOF; (D) XRD patterns of Ni-MOF and Ni/Cd-MOF; (E) Ni 2p spectra of Ni/MOF; (F) Ni 2p; and (G) Cd 3d spectra of Ni/Cd-MOF.
Wide-angle XRD tests were carried out on the 2D MOFs. As displayed in Figure 2D, the XRD patterns of both Ni-MOF and Ni/Cd-MOF were in good accordance with that of nickel hydroxide terephthalate hydrate (JCPDS No.035-1677), reflecting that the main crystal structure was maintained well on the 2D MOFs albeit with an inorganic metal regulation. However, a slight shift of the (003) and (006) diffraction peaks at 12.3°, 28.8° of Ni-MOF can be observed to lower angles at 11.8°, 28.1°of bimetallic Ni/Cd-MOF (Cai et al., 2020). Together with the broadening and weakening trend, the changes on these two diffraction peaks indicate more crystal defects in Ni/Cd-MOF. Meanwhile, based on the Bragg equation, interlayer spacing was calculated according to (2 0 0) facet to be 0.9408 nm for Ni-MOF, smaller than the value of 1.0048 nm of Ni/Cd-MOF, and the incorporation of Cd with a larger atomic radius (1.57 Å) than Ni (1.24 Å) accounts for enhanced interlayer spacing. Hence, combining with the thickness detected by AFM, there are 4∼5 layers in Ni/Cd-MOF nanosheets and ∼6 layers in Ni-MOF nanosheets. Based on the above composition and structure analysis, framework structures of the as-prepared monometallic and bimetallic 2D MOFs are illustrated in Figure 3.
[image: Figure 3]FIGURE 3 | Structure schematic diagram of (A) Ni-MOF and (B) Ni/Cd-MOF.
The specific surface area and porosity of the 2D MOFs were further explored by N2 adsorption–desorption tests (Figure 4). According to the Brunauer–Emmet–Teller (BET) theory (Figure 4A), a specific surface area of 35.37 m2/g was detected for bimetallic Ni/Cd-MOF, three times higher that that of monometallic Ni-MOF, with the value of 10.97 m2/g. Considering the double atomic mass of Cd with respect to Ni, the increase of surface area by bimetallic coordination in 2D MOFs should be higher in terms of molar equivalent. It is thought that more vacancies might be created in the framework when a second metal ion was introduced, which includes lattice distortion and locally unbalanced coordination, consequently resulting in higher porosity or higher lamellar charge (Vuong et al., 2013). Consistent with it, the pore distribution of Ni/Cd-MOF is mainly concentrated at ∼2.6 nm (Figure 4B), larger than homometallic Ni-MOF (∼2.0 nm).
[image: Figure 4]FIGURE 4 | (A) N2 adsorption and desorption isotherms; (B) pore size distribution of Ni-MOF and Ni/Cd-MOF.
Pb2+ Adsorption Onto Ni-MOF and Ni/Cd-MOF
Structural stability in an aqueous solution is a prerequisite to ensure the adsorption application of 2D MOFs for heavy metal ion removal. The changes in morphology and crystal structure of the as-prepared 2D MOFs at different pH solutions were investigated by SEM and XRD, respectively. Figures 5A,B show that typical lamellar structures of Ni-MOF and Ni/Cd-MOF are well maintained at pH about 2, 4.5, and 7.5. The XRD results (Figures 5C,D) also demonstrate a complete crystal structure of 2D MOFs at pH 4.5 and 7.5 but slight crystal collapse in extremely acidic conditions (pH of 2). Similar to most other MOF materials, Ni-MOF and Ni/Cd-MOF have unstable frameworks in strong alkaline solutions, which caused 2D MOFs to dissolve, and the weak Tyndall phenomenon of their nanosheets can be seen in Figures 5E,F. However, the pH range of application of the two 2D MOFs was exactly in line with the pH range of Pb with ionic species. As is well known, heavy metal ions with various species usually have different adsorption behaviors, significantly dependent on the solution pH value. The species distribution of Pb at different pH is displayed in Figure 6A and Supplementary Table S1. Pb with ionic species [Pb2+ and Pb(OH)+] are mainly located at pH below 8; thus, adsorption behaviors of Pb on the two as-prepared 2D MOFs were examined in a pH range of 2.5∼7.5 with Pb2+ as the principal specie.
[image: Figure 5]FIGURE 5 | SEM images of (A) Ni-MOF and (B) Ni/Cd-MOF at different pH; XRD patterns of (C) Ni-MOF and (D) Ni/Cd-MOF at different pH; Tyndall effect of (E) Ni-MOF and (F) Ni/Cd-MOF in aqueous solutions with different pH.
[image: Figure 6]FIGURE 6 | (A) Fraction of Pb(II) species at different pH solution; (B) adsorption of Pb2+ by Ni-MOF and Ni/Cd-MOF at different pH. (C) Zeta potential of Ni-MOF and Ni/Cd-MOF at different pH.
As shown in Figure 6B, Pb2+ adsorption is greatly sensitive to aqueous pH, and increased pH leads to a drastic improvement for Pb2+ adsorption on the two 2D MOF materials. For example, the absorbed amount of Pb2+ on Ni-MOF increased from 43.2 mg/g at pH 2.9 to 1,011.5 mg/g at pH 7.2, and more significantly, in the case of bimetallic Ni/Cd-MOF, the absorbed amount of Pb2+ increased from 50.2 mg/g at pH 2.8 to 1,495.2 mg/g at pH 6.9. It is clear that Ni/Cd-MOF exhibited a higher adsorption capacity for Pb2+ removal than monometallic Ni-MOF over the test pH range. Surface charge was characterized by Zeta potential to explore the performance difference between monometallic and bimetallic 2D MOFs. According to the result in Figure 6C, the 2D MOF surfaces were almost negatively charged at the whole test pH range, excepting the first point around pH 2.5. In detail, the Zeta potential of Ni/Cd-MOF decreased from 1.75 mV at pH 2.6 to -10.65 mV at pH 6.8, wholly lower than Ni-MOF which decreased from 1.05 mV at pH 2.8 to -7.7 mV at pH 6.7. The increasing negative charge on 2D MOF sheets with the increase of solution pH contributed to a rising electrostatic attraction for positive Pb2+ binding. In addition, more negative charges on bimetallic Ni/Cd-MOF derived from locally unbalanced coordination make it higher adsorption capacity for Pb2+ removal. Moreover, higher electrostatic repulsion between Ni/Cd-MOF monolayers causes less stacking of Ni/Cd-MOF (4∼5 layers) in the resulted lamellar structure, compared with monometallic Ni-MOF.
In order to further explore the adsorption behavior of Pb2+ on Ni-MOF and Ni/Cd-MOF, adsorption kinetic experiments were conducted, as shown in Figure 7A. Obviously, the adsorption capacity increased sharply within 60 min and approached adsorption equilibrium within 240 min, achieving 81.1% removal rate of Pb(II) by Ni/Cd-MOF and 40.1% by Ni-MOF. Typical pseudo-first and pseudo-second kinetic models were used to fit the kinetic curves with the corresponding parameters listed in Table 1. The psuedo-second-order model presents a better fit with a higher regression coefficient of R2 (0.9870 for Ni-MOF and 0.9938 for Ni/Cd-MOF), which reveals that chemisorption plays a leading role in the process of Pb2+ adsorption onto 2D MOFs. Comparing the two 2D MOF samples, we can find that bimetallic Ni/Cd-MOF shows a much higher rate parameter K2 of 6.76 ×10–3 mg/(g h) than monometallic Ni-MOF [1.88×10–3 mg/(g h)], indicating that Ni/Cd-MOF with a larger pore size and less layer stacking renders a faster diffusion of Pb2+ to its active sites.
[image: Figure 7]FIGURE 7 | (A) Adsorption kinetic curves of Pb2+ onto Ni-MOF and Ni/Cd-MOF, and their corresponding model fitting curves (equilibrium pH: ∼5.1 without any adjustment); (B) diffusion model fitting curves of Pb2+ on Ni-MOF and Ni/Cd-MOF; (C) adsorption isotherms of Pb2+ onto Ni-MOF and Ni/Cd-MOF, and four model fitting curves; (D) the variation in the partition coefficient (Kd) with the equilibrium concentration for the adsorption of Pb2+ onto Ni-MOF and Ni/Cd-MOF; (E) schematic diagram of different adsorption behaviors of Pb2+ onto Ni-MOF and Ni/Cd-MOF.
TABLE 1 | Regression parameters of kinetic models for Pb2+ adsorption on two different MOFs.
[image: Table 1]The Weber–Morris model was used to further explain the diffusion mechanism (Table 2). Multi-linear plots in Figure 7B illustrate that three adsorption processes including external surface adsorption, intraparticle diffusion, and adsorption equilibrium exist during Pb2+ capture onto the two 2D MOF samples (Doke and Khan, 2017). Among them, the first linear part is attributed to the heavy metal ions reaching the outer surface of the adsorbent through solution diffusion. During this diffusion process, Ni/Cd-MOF has a more negative charged surface and has a stronger electrostatic attraction for Pb2+ capture, displaying a higher adsorption rate of Ka [192.01 mg/(g min0.5)] than Ni-MOF [176.52 mg/(g min0.5)]. The second linear segment is assigned to the diffusion inside particles, and the bimetallic Ni/Cd-MOF has a larger pore size and less stacking layers, which efficiently reduces the diffusion resistance for Pb2+ adsorption and shows a significantly higher adsorption rate of Kb. The third stage is adsorption equilibrium (Skrzypczak et al., 2019; Tu et al., 2020). Therefore, Ni/Cd-MOF with a higher surface area, larger pore size, higher surface negativity, and less π-π stacking achieved a rapid diffusion of Pb2+ to its active sites and reflected its higher adsorption rate for Pb2+ removal.
TABLE 2 | Weber Morris model fitting curves of Pb2+ adsorption onto two different MOFs.
[image: Table 2]In addition, the adsorption capacity of the as-prepared 2D MOFs was evaluated via the adsorption isotherm experiment without any solution pH adjusting. The results are shown in Figures 7C,D, which are fitted by four typical isotherm models of Langmuir, Freundlich, Redlich–Peterson, and Dubinin–Ashtakhov, and their fitting parameters are listed in Table 3. The results showed that the Redlich–Peterson model with higher regression coefficients gave an exponent β value close to 1, which indicates that Pb2+ adsorption onto 2D MOFs was ascribed to monolayer adsorption in accordance with the ideal Langmuir condition. The obtained saturated adsorption amount (Q0) of Ni/Cd-MOF from the Langmuir model is as high as 950.61 mg/g, which is almost twice the Q0 (522.94 mg/g) of monometallic Ni-MOF. Such appealing adsorption capacity of bimetallic Ni/Cd-MOF is quite superior over most of the other adsorbents reported for Pb2+ removals, such as MXene, graphene oxide composites, NH2-Zr-MOF, and ED-MIL-101, as displayed in Supplementary Table S2. Kd value, an indicator of the affinity of adsorbent toward adsorbate in solution, was calculated at different equilibrium concentrations, and the resulted Kd plots are presented in Figure 7D. Both the samples’ Kd plots undergo an up and downtrend, and apparently bimetallic Ni/Cd-MOF showed a much higher affinity for Pb2+ adsorption during the full range of equilibrium concentration, which possessed significantly higher Kd values than monometallic Ni-MOF. What is more, the maximum point of Ni/Cd-MOF’s Kd value occurred at a higher equilibrium concentration than that of Ni-MOF, which means bimetallic Ni/Cd-MOF can exhibit its high affinity for Pb2+ capture even in a solution with a high concentration of Pb2+. The high-affinity property of Ni/Cd-MOF toward Pb2+ was further supported by the fitting parameter of Langmuir b, another indicator of the adsorption affinity, and the b value calculated for Ni/Cd-MOF (0.0192 L/mg) is twice over that for Ni-MOF (0.0097 L/mg). The characteristic adsorption energy of E was calculated to 26.40 kJ/mol of Ni/Cd-MOF from the Dubinin–Ashtahov model, ∼8 kJ/mol higher than that of Ni-MOF (18.51 kJ/mol), similarly indicating the higher interaction strength of bimetallic Ni/Cd-MOF for Pb2+ adsorption. Consequently, the above analysis based on adsorption isotherm curves proved that bimetallic Ni/Cd-MOF presents obviously high adsorption capacity and adsorption affinity for Pb2+ removal as shown in Figure 7E.
TABLE 3 | Freundlich, Langmuir, and Dubinin–Ashtahov regression parameters of Pb2+ adsorption isotherms onto two different MOFs.
[image: Table 3]Selective Adsorption Behaviors
A mixed solution containing four heavy metal ions (Co2+, Fe3+, Cu2+, and Pb2+) was used to test the selective adsorption capacity of 2D Ni-based MOFs. Among them, the metal ion concentration was set to 50 mg/L, and the adsorption efficiency rate is shown in Figure 8. The adsorption ability of both Ni-MOF and Ni/Cd-MOF toward Pb2+ was noticeably higher than that toward Co2+, Fe3+, and Cu2+.
[image: Figure 8]FIGURE 8 | The adsorption of various heavy metals ions by Ni-MOF and Ni/Cd-MOF.
Mechanism of Pb2+ Adsorption Onto 2D MOFs
To gain a rational understanding of the interaction mechanism of Pb2+ adsorption onto 2D MOFs, element states and chemical bonds of two samples before and after Pb2+ adsorption were analyzed by FTIR and XPS, respectively. In the FTIR spectra (Figures 9A,B), the intensity ratio of the band at 1,577 cm−1 for −COO− (νas) relative to the band at 815 cm−1 for C−H on the benzene ring (γ) was used as a spectroscopic indicator of the coordinated condition in the 2D MOF structure. The value of the νas(−COO−)/γ(C−H) ratio increased from 1.85 to 2.01 for Ni-MOF and from 2.02 to 2.42 for Ni/Cd-MOF after Pb2+ adsorption, which soundly reveals that −COO− on 2D MOFs served as the main adsorption site for Pb2+ capture via coordination interaction, whose intensity significantly increased after Pb2+ adsorption on both of monometallic Ni-MOF and bimetallic Ni/Cd-MOF.
[image: Figure 9]FIGURE 9 | FTIR spectra of (A) Ni-MOF and (B) Ni/Cd-MOF before and after Pb2+ adsorption. XPS full spectra of (C) Ni-MOF and (D) Ni/Cd-MOF before and after Pb2+ adsorption. High-resolution XPS O1 spectra (E) before and (F) after Pb2+ adsorption on Ni-MOF. High-resolution XPS O1 spectra (G) before and (H) after Pb2+ adsorption on Ni/Cd-MOF.
Furthermore, XPS analysis was conducted to investigate the variation in atomic valence and chemical bonds of Ni-based MOFs before and after the adsorption of Pb(II). According to the full XPS spectra in Figures 9C,D, a new bimodal pattern Pb 4f can be obviously observed around 139 eV on both Ni-MOF and Ni/Cd-MOF after adsorption compared to virgin adsorbents. This indicated the presence of Pb(II) on the Ni-based MOF nanosheets. Importantly, O mainly from the −COO on the organic linker, as the key coordination sites for metal ions in 2D MOFs, was further determined in terms of its high-resolution O1 spectra, and the corresponding peak-differentiating results are presented in Figures 9E–H. Three individual peaks can be deconvoluted at 531.3, 532.4, and 533.4 eV, which are assigned to metal−O-C/O=C (coordinated state), O-C/O=C (uncoordinated state), and O from structural water, respectively. Although there is no significant difference in the proportion of O in the coordinated state or uncoordinated state between Ni-MOF and Ni/Cd-MOF, after Pb2+ adsorption, their changes are very inconsistent. The proportion of O in the coordinated state increased from 59.5 to 61.2% of Ni-MOF after Pb2+ adsorption, with 1.7% increase; accordingly, the proportion of O in the uncoordinated state decreased. However, the proportion of O in the coordinated state increased from 58.8 to 64.4% of bimetallic Ni/Cd-MOF, which is a 5.6% increase—significantly higher than monometallic Ni-MOF, and similarly, the proportion of O in the uncoordinated state showed a remarkable decline. The above results further confirm that the −COO from organic linker on 2D MOFs are the main adsorption sites for Pb2+ coordination, and bimetallic Ni/Cd-MOF has more active −COO sites for Pb2+ binding. Therefore, the adsorption mechanism and application process of 2D MOFs prepared here for solution Pb2+ removal are graphically illustrated in Figure 10; it is easier for hydrated heavy metal ions to access the internal and surface active sites of Ni/Cd-MOF nanosheets due to its lager layer spacing than Ni-MOF, and meanwhile, the strong binding ability of uncoordinated -COO- enabled Ni/Cd-MOF nanosheets has the higher adsorption for Pb(II).
[image: Figure 10]FIGURE 10 | Schematic diagram of 2D MOFs for Pb2+ removal in aqueous solution.
CONCLUSION
In summary, 2D MOF nanosheets were successfully fabricated via a one-step mixed-solvent solvothermal method without recourse to a common exfoliation process. Metal inorganic cluster regulation in the 2D MOFs was realized by bimetallic coordination, which significantly enhanced Pb2+ adsorption. Binary metal coordination rendered more crystal defects and vacancies in the framework derived from the lattice distortion or locally unbalanced coordination. Thus, compared to monometallic Ni-MOF, bimetallic Ni/Cd-MOF exhibited fewer layers (4∼5 layers), higher specific surface area, larger pore size, and higher surface electronegativity, which lead to rapid diffusion of Pb2+ to its active sites, reflecting its high adsorption rate and high adsorption capacity (950.61 mg/g, almost twice as high as that of monometallic Ni-MOF) for Pb2+ removal. Adsorption kinetic fitting revealed that Pb2+ adsorption onto the 2D MOFs experienced external surface adsorption, intraparticle diffusion, and adsorption equilibrium stages. It is inferred that the uncoordinated carboxyl groups (−COO−) in 2D MOFs dominated the adsorption, and binary metal regulation in 2D MOFs created more uncoordinated −COO− groups for Pb2+ adsorption. The present work provides a promising regulation strategy based on bimetallic coordination of 2D MOFs to realize highly efficient adsorption removal of heavy metal ions.
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