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Summary

Rare earth separation is still a major challenge in membrane science. Nitrogen-
doped nanoporous graphene (NDNG) is a promising material for membrane
separation, but it has not yet been tested for rare earth separation, and it is
limited by multi-complex synthesis. Herein, we developed a one-step, facile,
and scalable approach to synthesize NDNGwith tunable pore size and controlled
nitrogen content using confinement combustion. Nanoporous hydrotalcite from
Zn(NO3)2 is formed between layers of graphene oxide (GO) absorbed with
phenylalanine via confinement growth, thus preparing the sandwich hydrotal-
cite/phenylalanine/GO composites. Subsequently, area-confinement combustion
of hydrotalcite nanopores is used to etch graphene nanopores, and the hydrotal-
cite interlayer as a closed flat nanoreactor induces two-dimensional space
confinement doping of planar nitrogen into graphene. The membrane prepared
by NDNG achieves separation of Sc3+ from the other rare earth ions with excel-
lent selectivity (�3.7) through selective electrostatic interactions of pyrrolic-N,
and separation selectivity of �1.7 for Tm3+/Sm3+.

Introduction

Rare earth elements (REEs) are critical for designing optical, electrical, and magnetic functional materials

because of their unique properties, which are therefore referred to as "industrial vitamin", and listed as

strategic materials (Hu et al., 2018). REEs are very similar in their physicochemical properties, and exist

in the form of associated ore deposits, suggesting that the separation and purification of individual

REEs are necessary but extremely difficult (Cheisson and Schelter, 2019; Wang et al., 2018). The existing

separation techniques of REEs involve cascade extraction (Brigham et al., 2017), chromatographic separa-

tion (Florek et al., 2016), and electrolytic separation technologies (Cheisson and Schelter, 2019) with the

problems of complex operations, numerous procedures, high energy consumption, and low efficiency.

In comparison, the membrane separation technology without phase change or additives has gained

considerable attention owing to its simple, low carbon emission, easy operation, and suitable for industrial

automation applications (Chen et al., 2017; Seo et al., 2018; Werber et al., 2016). However, it is still a chal-

lenge to use membrane technology for effective separation and purification of REEs because of the lack of

appropriate materials (Chen et al., 2018).

The membrane of graphene oxide (GO) as a class of emergingmembranes has been fabricated by stacking

a large number of GO fragments with a controlled interlayer for precise ionic and molecular sieving (Chen

et al., 2017; Huang et al., 2014; Joshi et al., 2014; Lipton et al., 2020). However, the low penetration rate of

ions resulting from the limited interlayer spacing of GO membrane hinders the development in practical

applications (Cohen-Tanugi and Grossman, 2012). As a very promising material, nitrogen-doped nanopo-

rous graphene (NDNG) has attracted much attention (Ai et al., 2015; Bian et al., 2020; Li et al., 2017; Men

et al., 2016; Pawlak et al., 2020; Sint et al., 2008; Wu et al., 2020; Yan et al., 2017). The presence of in-plane

nanopores shortens the penetration path of ions to significantly enhance ion penetrability, and the incor-

poration of nitrogen into the graphene lattice enhances the electron-donor tendency of the nanoporous

graphene for increasing separation selectivity toward ions. In addition, NDNG as carbon-based materials

has high stability in strong acidic environments, thus it is expected to achieve the selective and efficient

separation of REEs through NDNG membranes.
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The synthesis technologies of NDNG from GO usually involve two independent steps (Bian et al., 2020;

Men et al., 2016; Wu et al., 2020). The first step is the physical or chemical pore-making process with

high energy-consuming and complex pre-preparation of the template, and the second step is a complex

and long chemical doping process in a high-temperature sealed system. Unfortunately, the existing

technologies of making pores are difficult to integrate with heteroatom doping for achieving a one-step

synthesis of NDNG. Thus, the production of NDNG still suffers from complexity, low efficiency, and

time-consuming, and it remains challenging until today.

In this work, we developed a new one-step combustion approach through a multiple confinement strategy

to prepare NDNG with high separation selectivity toward REEs. Interlayer space of multilayer GO mem-

brane was used for confined growth of Zn-hydrotalcite to construct sandwich composites of hydrotal-

cite/phenylalanine/GO. Nitrogen atoms from phenylalanine (Phe) were then doped into the graphene lat-

tice between layers of Zn-hydrotalcite through the two-dimensional (2D) space confinement combustion,

and the as-formed porous Zn-hydrotalcite was also used as a template to etch nanopores on GO via pore-

area confinement combustion. NDNG with a large amount of planar nitrogen and tunable pore size was

prepared as a membrane for REEs separation, and showed excellent selectivity. This discovery not only es-

tablishes a new route to prepare the heteroatom-doped nanoporous graphene, but also opens a new

avenue for realizing high-performance REEs separation membranes.

Results and discussion

Design and synthesis of NDNG

The procedure for the synthesis of NDNG is illustrated in Scheme 1. Phe, as an aromatic and natural amino

acid, is low cost and easily absorbed by GO viap–p stacking interaction (Ahn et al., 2014;Wang et al., 2014),

thus it was selected to be the nitrogen doping precursor. As described in Scheme 1, after mixing uniformly

of GO and Phe, the Phe molecules with benzene ring were basically parallel to the GO sheets forming well-

ordered molecular films by filtering with filter paper (Krebs et al., 2018). Simultaneously, Zn(NO3)2 and H2O

were intercalated into the layers of as-formed Phe/GO membrane, which caused the 2D-space confine-

ment self-controlled growth of Zn-hydrotalcite, and thus a sandwich composite of Zn-hydrotalcite/Phe/

GO was prepared successfully. After burning and washing, NDNG with controllable pore size and nitrogen

doping content can be obtained. More experiment details can be found in Supporting Information.

In order to confirm the formation of Zn-hydrotalcite/Phe/GO composites, the reaction process before com-

bustion synthesis was monitored by X-ray diffraction (XRD). As shown in Figure 1A, the peak at �10.7� is of
(001) reflection of GO sheets, which is corresponding to the interplanar spacing of 8.3 Å, and the peaks at

�15�, 16.5�, 22.7�, and 34.2� are from the filter paper (Tan et al., 2020b). As compared to GO sheets, the

(001) diffraction peak of GO in composites of Phe/GO and Zn(NO3)2/Phe/GO has shifted to smaller angles

�10.1� and 7.6�, and corresponding interlayer spacing increases to �8.8 Å and 11.5 Å, respectively

Scheme 1. Synthesis of NDNG through multiple confinement strategy and then NDNG membrane was prepared

for rare earth elements separation
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(Figure S1A). Therefore, Phe and Zn(NO3)2 have been successfully inserted into the layers of GO, which

causes an increase of the interplanar spacing of GO. The corresponding morphological information was

obtained by atomic force microscopy (AFM), as shown in Figure 1B. AFM image of GO shows an unfolding

2D nanosheet, and the thickness of�8 Å is consistent with that of monolayer GO (Xu et al., 2010). Moreover,

the thickness of the composites Phe/GO and Zn(NO3)2/Phe/GO is 11.4 Å and 14.4 Å, respectively. The

increased thickness of �3.4 Å and 6.4 Å can result from the adsorption of Phe and Zn(NO3)2/Phe onto

both sides of GO, respectively. Moreover, the uneven surface of the composites Phe/GO and Zn(NO3)2/

Phe/GO with many nanopores can be observed clearly, which indicates that Phe and Zn(NO3)2 are not uni-

formly and completely covered on the GO basal plane but forming 2D porous layers. Thus the Zn(NO3)2/

Phe/GO composite with sandwich structure was constructed successfully. For studying the forming process

and structure of porous layers on the GO sheets, we analyzed XRD patterns of the samples Zn(NO3)2/Phe/

GO prepared with different concentrations of Zn(NO3)2 as shown in Figure 1C. With the concentration of

Zn(NO3)2 increasing from 50 to 200 g/L, the peak position of the (001) plane is shifted gradually to the low 2q

value from 9.6� to 5.7�, which corresponds to the increase of interlayer distance of GO from 9.2 to 15.4 Å

caused by simultaneous intercalation of Phe and Zn(NO3)2 (Figure S1B). Meanwhile, the diffraction peak

intensity of the (001) plane gradually decreases and the breadth of the peak increases with the increasing

of the amount of Zn(NO3)2 in the hybrids, indicating an increase of the amorphous phase content.

The original GO peak completely disappears at the Zn(NO3)2 concentration of 300 g/L, meaning that the

GO layers are fully intercalated with Phe and Zn(NO3)2, and the intercalated structure is no longer orderly

arranged (Dimiev and Tour, 2014). Meanwhile, the new signal appears at 10.6� 2q corresponding to an inter-

layer distance of 8.4 Å in the sample, which is indicative of the formation of a new crystalline phase. Accord-

ing to the previous report, the characteristic peak of the new phase can be indexed to the (003) plane of

hydrotalcite (Garcia-Gallastegui et al., 2012), which we define as Zn-hydrotalcite covering GO. In the pre-

vious work, theoretical calculation showed that a cyclic structure can be formed between nitrate ions and

water molecules by hydrogen bonding (Li et al., 2018). This distribution pattern leads to the formation of a

Figure 1. Fabricating mechanism of Zn-hydrotalcite/Phe/GO composites with sandwich structure

(A) XRD patterns of GO and GO composites with filter paper. The 2q range for the (001) peak of the GO is highlighted in

the dashed box.

(B) AFM images of GO nanosheet and GO composites samples. Scale bars are all 100 nm.

(C) XRD patterns of the composites Zn(NO3)2/Phe/GO at concentrations of Zn(NO3)2 = 50 g/L, 100 g/L, 150 g/L, 200 g/L,

300 g/L, 400 g/L, 450 g/L and 500 g/L (1–8), respectively. Insert: The X axis expansions in the 6–15� 2q diffraction angle

regions in the dashed box (5–8).

(D) TEM images of the composites Zn(NO3)2/Phe/GO at concentrations of Zn(NO3)2 = 200 g/L, 400 g/L, and 500 g/L from

left to right, respectively.

(E) Schematic showing the formation of sandwich composites of Zn-hydrotalcite/Phe/GO.
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layered structure of ions and water molecules parallel to the graphene surface. After filtration, the layered

structure can be remained between the graphene sheets. Algara-Siller et al. reported that the pressure be-

tween graphene layers is up to 1 GPa, which can induce graphene interlaminar water to become 2D ice

(Algara-Siller et al., 2015). Thus, it can be inferred that the formation of Zn-hydrotalcite between GO layers

can also be attributed to the high press. Most notably, the Zn-hydrotalcite structure formed in the GO

interlayer galleries Inherits the ordered stacking of constituent graphene layers. Therefore, the stacking

Zn-hydrotalcite/Phe/GO composite with sandwich structure is also confirmed by XRD patterns. With the

increase of the amount of Zn(NO3)2 from 300 g/L to 500 g/L, the peak position remains unchanged but

its intensity shows a trend from rising to decline, reaching the highest point at 400 g/L. The effect may

be attributed to an increase in the integral lateral area of hydrotalcite, and then a mass of emerging pores

on the Zn-hydrotalcite surface reduces its crystallinity (Garcia-Gallastegui et al., 2012; Li et al., 2018). These

results also can be confirmed by transmission electron microscope (TEM) images as shown in Figures 1D

and S2. First, with the increase of the amount of Zn(NO3)2 from 0 to 100 g/L, black covering on GOgradually

deepens, and transparency of composite Zn(NO3)2/Phe/GO reduces. Then, some defective pores covering

the GO surface can be observed at the amount of Zn(NO3)2 of 150 g/L (Figure S2). As shown in Figure 1D,

the pore size on the surface of composites was easily regulated from small to large by increasing the

concentration of Zn(NO3)2 from 200 g/L to 500 g/L. The results also show that the lateral size of the Zn-

hydrotalcite depends on the salt concentration on the surface of Phe/GO after filtering. Therefore, there

are many nanopores with tunable size on the surface of layered Zn-hydrotalcite, which can be used as

nanotemplate for making pore through combustion etching. Meanwhile, a closed 2D interlayer nanospace

between the layered Zn-hydrotalcites acts as nanoreactors to incorporate nitrogen from Phe into the

graphene lattice to prepare NDNG (Figure 1E).

Morphological and structural characterizations

The pore size of the membrane and nitrogen content may be the key factors affecting the permeation and

separation of REEs. Therefore, the concentration of Zn(NO3)2 in the reactant was adjusted to be 200, 400,

and 500 g/L for controlling the pore size of NDNG to obtain NPNG-1, 2, and 3, respectively. Subsequently,

Figure 2. TEM and SEM images of NDNG

(A–J) TEM (A–E) and SEM (F–J) images of various NDNG prepared by different concentration of Zn(NO3)2 and Phe. (A, F)

NDNG-1 (Zn(NO3)2: 200 g/L; Phe: 15 g/L). (B, G) NDNG-2 (Zn(NO3)2: 400 g/L; Phe: 15 g/L). (C, H) NDNG-3 (Zn(NO3)2: 500

g/L; Phe: 15 g/L). (D, I) NDNG-4 (Zn(NO3)2: 500 g/L; Phe: 10 g/L). (E, J) NDNG-5 (Zn(NO3)2: 500 g/L; Phe: 5 g/L).

(K) TEM image of NDNG-3 combined with EDSmapping in the same area and relative intensities of C (red), O (yellow), and

N (orange) elements.
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the adding amount of Phe is decreased from 15 g/L to 10 g/L and 5 g/L for obtaining NPNG-3, 4, and 5,

respectively. After combustion treatment and washing, NDNG with different pore size and nitrogen con-

tent can be obtained as shown in Figure 2. The samples of NDNG-1, 2, and 3 show an average pore size

of �5, �23, and �65 nm, respectively (Figures 2A–2C, 2F-H), and the samples of NDNG-3, 4, and 5 exhibit

the similar pore size (Figures 2C–2E, 2H-J). Thereby, it can be known that the morphology and size of pores

on NDNG are dependent only on the addition amount of Zn(NO3)2. The element distribution of NPNG was

performed by TEM with the corresponding EDS mappings. As shown in Figure 2K, N atoms are distributed

uniformly and well-doped on the base plane, and around the pores of NDNG. In addition, the distribution

intensity of O mappings is much lower than C and N, indicating that O atoms may be replaced with N

atoms, or pyrolyzed during combustion. For all the NDNG samples, the XRD pattern undergoes significant

changes as compared with pre-combustion composites (Figure S3). Only one broad pattern appears at

2q = 26�, which is corresponding to the interlayer distance of 3.4 Å originating from the (002) plane of

reducedGO (Du et al., 2015; Song et al., 2019). These results also agree with the above element distribution

that most oxygen-functional groups were replaced and removed after burning. Raman spectra in Figure S4

is used to provide the additional structural information. Two peaks can be observed at �1335 cm�1 and

1596 cm�1, which are corresponding to the D band and G band in the graphene, respectively. The intensity

ratio of D band to G band (ID/IG) can be used to characterize the disorder degree (Lin et al., 2012; Tan et al.,

2020a). Apparently, a clear increase of ID/IG from NDNG-1 to NDNG-3 can be found from 0.97 to 1.30 with

the increase of the pore size, which is consistent with previous reports (Zhou et al., 2014). Moreover, ID/IG
ratios decrease slightly from 1.30 to 1.10 for NDNG-3 and NDNG-5, indicating that the incorporation of N

atoms into the graphene carbon framework can increase the defective degree of NDNG (Lin et al., 2012). In

order to evaluate the accessible surface of NDNG, N2 adsorption-desorption isotherms are recorded in

Figure S5. The Brunauer-Emmett-Teller surface area of NDNG-1, 2, and 3 is �352, 579, and 586 m2/g,

respectively (Figure S5A). Therefore, the specific surface area of NDNG increases with the increase of

pore size, which indicates that the resulting pore can improve significantly the accessible surface. As can

be seen from Figure S5B, the specific surface area of NDNG-3, 4, and 5 is�586, 501, and 500 m2/g, respec-

tively, suggesting that the introduction of nitrogen atoms increases slightly the surface area of NDNG.

Fourier transform infrared (FT-IR) spectroscopy and thermogravimetric analysis (TGA) of different samples

including GO, Phe/GO, Zn-hydrotalcite/Phe/GO and NDNG-3 also show that NDNG was prepared suc-

cessfully (Figures S6 and S7).

The elemental composition and bonding configurations of NDNG are characterized by X-ray photoelec-

tron spectrometer (XPS) as shown in Figure 3. From XPS spectra (Figure 3A), it can be found that the major

component in the as-prepared samples is C (284.6 eV) and followed by heteroatoms including N (397.1–

402.9 eV) and O (530–534 eV). The nitrogen doping content significantly decreases from 4.2% for

NDNG-3 to 3.3% for NDNG-4, and to 2.9% for NDNG-5, which indicates that the nitrogen content of

NDNG can be controlled by adjusting the addition amount of Phe. As shown in Figure S8, the C 1s spec-

trum is deconvoluted into four peaks at 284.8, 285.5, 286.5, and 288 eV, corresponding to C-C, C=N/C-O,

C-N/C=O, and O-C=O, respectively (Lin et al., 2012). The presence of C-N or C=N bond further confirms

the formation of the N-doped graphite structure of the prepared samples. The high-resolution spectrum of

N 1s for NDNG could be deconvoluted into three peaks at 398.5 eV, 400 eV, and 401.2 eV, which corre-

spond to pyridinic (N6), pyrrolic (N5), and quaternary nitrogen (NQ) (Men et al., 2016), respectively (Figures

3B–3F). N6 and N5 are considered as planar sp2 hybridized nitrogen, and NQ is thought to be tetrahedral

sp3 hybridized nitrogen (Figure 3G) (Ding et al., 2013). After combustion treatment, NQ species only ac-

counts for 5.8, 3.7, 7.1, 5.5, and 5.9% of the N species in NDNG-1, NDNG-2, NDNG-3, NDNG-4, and

NDNG-5, respectively. It is worth noting that NDNG-2 is doped with a high planar-nitrogen content of

96.3%. These results can be attributed to the space-confinement doping of nitrogen between the Zn-hy-

drotalcite 2D layers, especially resulting from the largest crystallite size of the Zn-hydrotalcite with

Zn(NO3)2 concentration of 400 g/L. Therefore, it can be inferred that nitrogen doping of GO caused by

nanospace-confinement from Zn-hydrotalcite can selectively produce planar N6 and N5 in NDNG and con-

strains the formation of NQ dopant via steric hindrance effect, which is very corresponding with the previ-

ously reported mechanism (Ding et al., 2013). For comparison, alanine (Ala) was chosen as another kind of

nitrogen doping agent, which is similar to Phe but without the phenyl ring in chemical structure. As shown in

Table S1, the combustion products obtained with different adding order of amino acid and salt into GO

suspension exhibit different N doping amount in the approximate order: Zn(NO3)2/Phe/GO > Phe/

Zn(NO3)2/GO > Zn(NO3)2/Ala/GO > Ala/Zn(NO3)2/GO. The higher N doping amount of NDNG prepared

by Phe may result from a higher adsorption amount of Phe adsorbed on the GO surface, meaning that the
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interaction between GO and aromatic Phe is stronger than that between GO and non-aromatic Ala. More-

over, the N doping amount of NDNG prepared by Zn(NO3)2/amino acid/GO adding order is higher than

the one prepared by amino acid/Zn(NO3)2/GO, suggesting that the adding order also could affect the

N doping content of NDNG. According to the above confinement combustion mechanism, only amino

acid molecules between Zn-hydrotalcite layers can be mostly incorporated into the graphene lattice.

Therefore, as compared to the addition of Zn(NO3)2 before amino acids into GO suspension, the addition

of amino acids before Zn(NO3)2 can cause more amino acid molecules to be sandwiched between layers of

Zn-hydrotalcite after filtering and drying, thereby synthesizing NDNG with higher nitrogen doping amount

after burning, and this also means that nitrogen loss during combustion can be alleviated by the formation

of Zn-hydrotalcite.

Separation of REEs

Currently, membrane strategies for REEs separation are mainly classified into two types: liquid membranes

and solidmembranes (Chen et al., 2018). During the last fewdecades, liquidmembranes demonstrate efficient

permeation and separation performances toward metal ions on account of its large mass transfer interfacial

areas (Anitha et al., 2013; Kim et al., 2016; Pei et al., 2011), but it got no breakthrough in scale-up experiments

due to poor stability. In this regard, solid membranes are more promising because the solid ones are more

stable, and suitable for industrial applications (Chen et al., 2018). The current interests in solid membrane

technique for REEs separation aremainly in polymer inclusionmembranes and some ion imprinted techniques

on polymeric membranes (Croft et al., 2018; Hong et al., 2014; Yusoff et al., 2017; Zheng et al., 2017). However,

the major problem with most polymer-based solid membranes is the weak stability and susceptibility in a

concentrated acid environment of REEs hydrometallurgy process. Considering the separation nature of mem-

branes, the high porosity, surface area and the abundance of surface nitrogen atoms of the NDNG inspired us

to solve a longstanding problem of REEs separation in strong acidic media.

Figure 3. XPS spectrum of NDNG

(A) Survey spectrum of NDNG.

(B–F) Typical high-resolution XPS N 1s spectra of NDNG.

(G) Schematic representation showing the selectivity for planar N during NDNG synthesis.
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The resulting NDNG-1, NDNG-2, NDNG-3, NDNG-4, and NDNG-5 were prepared as membrane by vac-

uum filtration for studying its separation selectivity toward REEs. As shown in Figures S9A–S9E, the uniform

surfaces of the membranes can be clearly observed. The scanning electron microscope (SEM) characteriza-

tions of the cross-section morphology of the membranes are shown in Figures S9F–S9J, which reveal that

the as-prepared NDNG membranes possess a lamellar structure. Subsequently, the test membranes were

fixed between the feed and driven tanks for performing a series of ion-penetration experiments in Fig-

ure S9K. Because industrial processes involving REEs separation are likely to be conducted in acidic con-

ditions (Wang et al., 2018), a pH of 3 was selected in the feed solution for all experiments unless otherwise

stated. As shown in Figure S10, the concentration of REEs (Sc3+ and Gd3+) in the driven solution increases

significantly in a near-linear manner over time. The NDNG membrane still maintains higher selectivity for

REEs (Sc3+ and Gd3+) after separation for 48 hr, which indicates that the separation performance of mem-

brane is stable under the filtration conditions. The Gd3+ permeates efficiently through the NDNG-1 mem-

brane, whereas Sc3+ infiltrates much more slowly. Subsequently, the penetration and selectivity capacity of

the NDNG-1 membrane were evaluated in a series of driven solutions with different pH values. According

to previous reports, REEs begin to precipitate as hydroxides out of solution at pH > 4 (Giret et al., 2018;

Wang et al., 2018). As shown in Figure 4A, in the effective range (pH < 3), a high concentration of H+ in

the driven solution could promote significantly the permeation of REEs through NDNG-1 membrane, indi-

cating ion exchange during the separation process (Li et al., 2016). The lowest infiltration concentration of

Sc3+ was achieved at a pH of 2.0 of the driven solution, and the highest separation factor can be obtained

between Sc3+ and other REEs, meaning that pH can be a controllable parameter to improve the perme-

ation selectivity of NDNG for REEs. In order to further explore the effect of NDNG on the separation of

the REEs, we assessed the permeation properties of NDNG membranes with different thicknesses. As

shown in Figure 4B, the flux of the REEs always reduces with the increasing membrane thickness, which

could be ascribed to a growth in the diffusion hamper or resistance properties of membranes (Fang

et al., 2016; Meng et al., 2017). Here, the maximal separation factor increased from 1.5 to 2.9 with the in-

crease of the thickness of NDNG-1 membranes (Figure S11), which can be attributed to the increased inter-

action sites (Huang et al., 2013). In addition, a huge difference can be found in the permeation ability of

different NDNG membranes in the sequence NDNG-3 > NDNG-2 > NDNG-1 (Figure 4C), which can be

ascribed to the increase of pore size of NDNG. The selective separation behavior of Sc3+ from other

REEs through the NDNG membrane is investigated in Figure S12A. Interestingly, the separation factor

Figure 4. Permeation and separation of REEs through NDNG membranes

(A) Effect of pH on the separation for NDNG-1membrane. The pH of feed solution of REEs (5 mM) was adjusted to 3.0. The

pH of driven solution was adjusted by diluted NH4OH or HNO3 solution. The thickness of the membranes is 105 mm.

(B) Permeation flux of REEs as a function of the NDNG-1 membrane thickness. The feed solution has a concentration of

5 mM for all elements at a pH of 3.0; The driven solution is dilute nitric acid at a pH of 2.0.

(C and D) Permeance with different NDNG membranes (NDNG-1, NDNG-2, NDNG-3, NDNG-4, and NDNG-5) for the

REEs. The feed solution has a concentration of 5 mM for all elements at a pH of 3.0; The driven solution is dilute nitric acid

at a pH of 2.0. The thickness of the membranes is 105 mm.
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of M/Sc increases with the increase of pore size, and the largest separation factor is about 3.7 correspond-

ing to Gd3+/Sc3+. As shown in Table S2, the separation performance of the NDNGmembrane is very similar

to that of ion imprinted membranes (Cui et al., 2019; Li et al., 2015; Liu et al., 2014, 2017; Lu et al., 2018;

Zheng et al., 2017, 2018). Because of the large pores in NDNG-3 (�65 nm), the selectivity for Sc3+ from other

REEs cannot be attributed to the special pore structure and ionic-radius-based theories (Sun et al., 2013). It

is therefore inferred that the electrostatic attractions and chemical interactions between functional groups

of NDNG sheets and hydrated ions may be responsible for the selectivity of membranes toward REEs.

Based on the above XPS analysis, combining high permeability and high selectivity of NDNG-3 membrane

to REEs may be attributed to the highest percentage of N5 in N species in NDNG-3 (>83%). As shown in

Figures 4D and S12B, both permeation ability and selectivity decrease with a decrease in the N-doping

content of NDNG, indicating that the doping of nitrogen atoms has an important impact on the separation

of REEs. Further analysis revealed in Figure S13 shows that NDNG-3 could also be used to achieve the se-

lective separation between lanthanide elements. The highest selectivity is calculated as �1.7 correspond-

ing to Tm3+/Sm3+. As we know, the long-term stability of membranes is critically important for industrial

applications (Thebo et al., 2018). Compared with liquid membranes (Chen et al., 2018), the NDNG mem-

branes are very stable and remain their original structure in acidic (pH = 3.0) solutions even after 90 days

(Figure S14). In short, the NDNG membrane with high permeation and separation ability and strong

acid-resistant ability has great potential in application.

Theoretical simulation

Finally, the density functional theory (DFT) calculations were further performed to illustrate the underlying

mechanism taking place during the ion transportation and separation process. According to our XPS

results, the N configuration in the as-prepared NDNG is dominated by N6 and N5. Therefore, the electro-

static potential (ESP) on van der Waals surface is calculated of N6 and N5 on the sheets of NDNG and ni-

trate of Sc, La, Eu, respectively. Figure 5A shows that the site of N5 possesses amore negative ESP than that

of N6, which indicates that N5 has a stronger ability to attract REEs by electrostatic force. Subsequently, the

DFT electronic energy (EDFT) was calculated to illustrate the interactions between cations and two types of

Figure 5. Theoretical computations of the interaction energy between REEs and NDNG

(A) The most stable optimized geometries and the corresponding electrostatic potential surfaces of N6 and N5 on the

sheets of NDNG and nitrate of Sc, La, Eu. The purple region represents negative ESP, while the green region represents

positive ESP.

(B) Comparison of the interaction energies of the REEs (Sc, La, Eu) with N6 and N5.

(C) Upper panel: the most stable optimized geometries and the corresponding electrostatic potential surfaces of the

complexes of REEs with N6 and N5 along with their interaction energies, respectively, where the cations are Sc3+, La3+,

and Eu3+. Lower panel: corresponding color-filled maps of electron location function.
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planar nitrogen atoms. It is apparent that for all the complex systems, the N5 presents a stronger binding

energy with three metal ions (from �-211 to � -191 kJ/mol) than N6 (from �-158 to � -148 kJ/mol), which

confirms that the N5 plays a leading role in the process of separation in this work. More importantly, it is

calculated that the interaction energies of Sc3+ ion both on N6 and N5 are more negative relative to

La3+ and Eu3+ (Figure 5B), which can be used to explain the flux of Sc3+ is always lower than that of the other

REEs. In addition, to further give a clear and quantitative description of the feasible chemical bond be-

tween ions and N atoms, electron location function analysis was used in this work. Figure 5C shows that

the interactions between the ions and N atoms are mainly electrostatic interactions without the formation

of chemical bonds. Therefore, the strength of electrostatic interactions plays a decisive role in defining the

ultimate separation performances. As far as the transport properties are concerned, solid membranes

commonly present two kinds of transport mechanisms: facilitated and retarded transport (Chen et al.,

2018). In order to exclude the adsorption effect, the maximum adsorption capacity for NDNG-3 was calcu-

lated from adsorption isotherm experiments at pH 3. For Sc3+, the equilibrium isotherm was established

and fitted well with Langmuir model as shown in Figure S15. The parameters of the corresponding linear

regressions are summarized in Table S3. The Freundlich model was also used but did not fit to the exper-

imental isotherm data. The experimental maximum adsorption capacity of NDNG-3 for Sc3+ is calculated to

be 1.44 mg/g in the presence of all other REEs at the same concentration. The concentration correspond-

ing to the maximum adsorption capacity is considerably lower than the concentration of the feed solution

(5 mM). Therefore, the rejection of themembrane toward Sc3+ is not due to the adsorption of ions to NDNG

in this work.

Conclusions

In summary, we have developed a one-step route for synthesizing nitrogen-doped nanopores graphene

and clarified clearly the mechanism of multiple confinement combustion strategy. Because of steric hin-

drance resulting from interspace of formed Zn-hydrotalcite, planar N include pyrrolic-N and pyridinic-N

were generated selectively in the flat 2D nanoreactor in combustion. Meanwhile, the N doping amount

and pore size of the synthetic NDNG material can be tuned by adjusting the amount of amino acid and

salt, respectively. The as-prepared NDNGmembrane showed long-term stability and excellent separation

performance toward REEs. Theoretical simulations also revealed that planar N, especially pyrrolic-N,

served as selective adsorption sites during the separation process. Combining the simple and efficient

preparation approach and excellent separation stability, we conclude that fabricating NDNG membranes

is a promising membrane strategy for green separation of REEs. In addition, this novel synthetic method

can be extended to the synthesis of other heteroatom-doped nanopores materials, which will have great

potentials in not only the membrane separation field but also in other fields such as catalysis, sensors, and

supercapacitors.

Limitations of the study

In addition to the NDNG being prepared in this study, more heteroatoms doping porous 2D materials can

be prepared and applied for more potential breakthroughs in structure control and performance

enhancement.
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S., Sadeghi, H., Lambert, C.J., et al. (2020).
Bottom-up synthesis of nitrogen-doped porous
graphene nanoribbons. J. Am. Chem. Soc. 142,
12568–12573.

Pei, L., Wang, L., and Yu, G. (2011). Separation of
Eu(III) with supported dispersion liquid
membrane system containing D2EHPA as carrier
and HNO3 solution as stripping solution. J. Rare
Earths 29, 7–14.

Seo, D.H., Pineda, S., Woo, Y.C., Xie, M.,
Murdock, A.T., Ang, E.Y.M., Jiao, Y., Park, M.J.,
Lim, S.I., Lawn, M., et al. (2018). Anti-fouling
graphene-based membranes for effective water
desalination. Nat. Commun. 9, 683.

Sint, K., Wang, B., and Kral, P. (2008). Selective ion
passage through functionalized graphene
nanopores. J. Am. Chem. Soc. 130, 16448–16449.

Song, L., Zhang, H., Cai, T., Chen, J., Li, Z., Guan,
M., and Qiu, H. (2019). Porous graphene
decorated silica as a new stationary phase for
separation of sulfanilamide compounds in
hydrophilic interaction chromatography. Chin.
Chem. Lett. 30, 863–866.

Sun, P., Zhu,M.,Wang, K., Zhong,M.,Wei, J., Wu,
D., Xu, Z., and Zhu, H. (2013). Selective Ion
penetration of graphene oxide membranes. ACS
Nano 7, 428–437.

Tan, H., Liu, T., Zhang, X., Shan, Q., Chen, J., Li, Z.,
Ihara, H., and Qiu, H. (2020a). Preparation of
vortex porous graphene chiral membrane for
enantioselective separation. Anal. Chem. 92,
13630–13633.

Tan, H., Zhang, X., Li, Z., and Qiu, H. (2020b).
Small-scale nanoparticles pyrolyzed from layered

hydrotalcite between graphene interlayers as
intermediates to self-assemble into metal oxide
nanosheets and hollow nanospheres. Chem.
Nano. Mat 6, 1270–1275.

Thebo, K.H., Qian, X., Zhang,Q., Chen, L., Cheng,
H.-M., and Ren, W. (2018). Highly stable
graphene-oxide-based membranes with superior
permeability. Nat. Commun. 9, 1486.

Wang, T., Wang, L., Wu, D., Xia, W., Zhao, H., and
Jia, D. (2014). Hydrothermal synthesis of nitrogen-
doped graphene hydrogels using amino acids
with different acidities as doping agents.
J. Mater. Chem. A. 2, 8352–8361.

Wang, Z., Brown, A.T., Tan, K., Chabal, Y.J., and
Balkus, K.J., Jr. (2018). Selective extraction of
thorium from rare earth elements using wrinkled
mesoporous carbon. J. Am. Chem. Soc. 140,
14735–14739.

Werber, J.R., Osuji, C.O., and Elimelech, M.
(2016). Materials for next-generation desalination
and water purification membranes. Nat. Rev.
Mater. 1, 16018.

Wu, D., Song, W., Chen, L., Duan, X., Xia, Q., Fan,
X., Li, Y., Zhang, F., Peng,W., andWang, S. (2020).
High-performance porous graphene from
synergetic nitrogen doping and physical
activation for advanced nonradical oxidation.
J. Hazard. Mater. 381, 121010.

Xu, J., Wang, K., Zu, S., Han, B., andWei, Z. (2010).
Hierarchical nanocomposites of polyaniline
nanowire arrays on graphene oxide sheets with
synergistic effect for energy storage. ACSNano 4,
5019–5026.

Yan, Y., Li, W., and Kral, P. (2017). Enantioselective
molecular transport in multilayer graphene
nanopores. Nano Lett. 17, 6742–6746.

Yusoff, M.M., Mostapa, N.R.N., Sarkar, M.S.,
Biswas, T.K., Rahman, M.L., Arshad, S.E., Sarjadi,
M.S., and Kulkarni, A.D. (2017). Synthesis of ion
imprinted polymers for selective recognition and
separation of rare earth metals. J. Rare Earths 35,
177–186.

Zheng, X., Zhang, Y., Zhang, F., Li, Z., and Yan, Y.
(2018). Dual-template docking oriented ionic
imprinted bilayer mesoporous films with efficient
recovery of neodymium and dysprosium.
J. Hazard. Mater. 353, 496–504.

Zheng, X., Zhang, F., Liu, E., Xu, X., and Yan, Y.
(2017). Efficient recovery of neodymium in acidic
system by free-standing dual-template docking
oriented ionic imprinted mesoporous films. ACS
Appl. Mater. Interfaces 9, 730–739.

Zhou, D., Cui, Y., Xiao, P., Jiang, M., and Han, B.
(2014). A general and scalable synthesis approach
to porous graphene. Nat. Commun. 5, 4716.

ll
OPEN ACCESS

iScience 24, 101920, January 22, 2021 11

iScience
Article

http://refhub.elsevier.com/S2589-0042(20)31117-2/sref22
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref22
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref22
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref22
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref22
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref22
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref23
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref23
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref23
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref23
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref23
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref24
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref24
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref24
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref24
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref24
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref25
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref25
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref25
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref25
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref25
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref25
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref26
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref26
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref26
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref27
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref27
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref27
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref27
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref27
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref28
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref28
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref28
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref28
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref28
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref28
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref28
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref29
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref29
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref29
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref29
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref29
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref30
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref30
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref30
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref30
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref30
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref31
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref31
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref31
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref31
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref31
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref31
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref32
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref32
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref32
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref32
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref33
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref33
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref33
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref33
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref34
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref34
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref34
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref34
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref34
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref34
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref34
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref35
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref35
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref35
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref35
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref35
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref35
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref35
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref36
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref36
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref36
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref36
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref36
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref36
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref37
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref37
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref37
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref37
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref38
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref38
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref38
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref38
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref38
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref38
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref39
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref39
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref39
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref39
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref39
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref39
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref40
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref40
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref40
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref40
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref40
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref41
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref41
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref41
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref42
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref42
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref42
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref42
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref42
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref42
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref43
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref43
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref43
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref43
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref44
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref44
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref44
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref44
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref44
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref45
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref45
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref45
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref45
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref45
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref45
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref46
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref46
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref46
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref46
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref47
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref47
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref47
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref47
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref47
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref48
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref48
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref48
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref48
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref48
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref49
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref49
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref49
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref49
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref50
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref50
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref50
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref50
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref50
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref50
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref51
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref51
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref51
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref51
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref51
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref52
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref52
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref52
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref53
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref53
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref53
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref53
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref53
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref53
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref54
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref54
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref54
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref54
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref54
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref55
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref55
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref55
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref55
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref55
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref56
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref56
http://refhub.elsevier.com/S2589-0042(20)31117-2/sref56


iScience, Volume 24

Supplemental Information

Nitrogen-doped nanoporous graphene induced

by a multiple confinement strategy

for membrane separation of rare earth

Hongxin Tan, Xin Zhang, Zhan Li, Qing Liang, Jinsheng Wu, Yanli Yuan, Shiwei Cao, Jia
Chen, Juewen Liu, and Hongdeng Qiu



TABLE of CONTENTS 

 

TRANSPARENT METHODS 

Materials 

Synthesis of NDNG 

Characterizations 

Separation of REEs 

 

SUPPLEMENTAL FIGURES 

Figure S1. Interlayer spacings of GO composites. 

Figure S2. TEM images of the samples Zn(NO3)2/GO/Phe with different Zn(NO3)2 concentration. 

Figure S3. XRD of NDNG. 

Figure S4. Raman of NDNG. 

Figure S5. N2 adsorption−desorption isotherms of NDNG. 

Figure S6. FT-IR spectra of GO, Phe/GO, Zn-hydrotalcite/Phe/GO and NDNG-3 samples. 

Figure S7. TGA curves of GO, Phe/GO, Zn-hydrotalcite/Phe/GO and NDNG-3 samples under air 

atmosphere. 

Figure S8. Typical high resolution XPS C 1s spectra of the NDNG. 

Figure S9. SEM images of surface and cross-section of NDNG membranes. 

Figure S10. Kinetic study of Sc3+ and Gd3+ separation through NDNG-1 membrane. 

Figure S11. Separation factor of REEs as a function of the NDNG-1 membrane thickness. 

Figure S12. Separation factor with different NDNG membranes of M/Sc (M = Y, La, Ce, Pr, Nd, Sm, Eu, 

Gd, Tb, Dy, Ho, Er, Tm, Lu.). 

Figure S13. Selective separation of lanthanide M2 (Sm and Gd) and other lanthanide M1. 

Figure S14. stability of NDNG membrane in acidic (pH = 3.0) solutions after 90 days. 

Figure S15. Experimental equilibrium isotherm data and modeling for Sc3+ sorption on NDNG-3. 

 

SUPPLEMENTAL TABLES 

Table S1. Atomic Composition of NDNG and Nanoporous Graphene 

Table S2. Comparison of Separation Factor with Ion Imprinted Membranes 

Table S3. Langmuir Model Parameter Calculated from Adsorption Isotherm 

 

SUPPLEMENTAL REFERENCES



TRANSPARENT METHODS 

Materials  

All reagents and chemicals including Natural graphite powder, amino acids and were purchased from 

Shanghai Aladdin Industrial Co., Ltd., Shanghai. They were reagent grade and used as received without 

further purification.  

Synthesis of NDNG  

A modified Hummers method was used for the preparation of GO from natural graphite powder(Hummers 

and Offeman 1958). Then the brown GO dispersion (10.0 g/L) was obtained in deionized water via ultrasonic. 

In a typical process, 0.3 g of phenylalanine (Phe) was dissolved into the 10 mL deionized water, then 10 mL 

as-prepared aqueous GO dispersion was added. Successively, the mixer of Phe and GO was stirred for 

approximately 30 min at room temperature. Under vigorous agitation, appropriate amount of Zn(NO3)2 (1, 2, 

3, 4, 6, 8, 9 and 10 g) was added slowly, respectively. The result concentration of Zn(NO3)2 solution 

corresponded to 50 g/L, 100 g/L, 150 g/L, 200 g/L, 300 g/L, 400 g/L, 450 g/L and 500 g/L, respectively. Stir 

evenly, the mixed solution was vacuum filtered by the quantitative filter paper. After drying at 50 °C, all 

samples of the filter paper with GO, Phe and Zn (NO3)2 were firstly characterized by XRD with thin film 

analysis model, then ignited using an alcohol burner. The resulting combustion products were ultrasonicated 

and centrifuged with diluted HCl and deionized water several times until the eluent was neutral, then dried 

at 50 °C overnight under vacuum. Here, series of samples are also prepared in a similar method by changing 

the amount of amino acids (0.2 g, 0.1 g) with concentration of Zn(NO3)2 500 g/L. For comparison, Alanine 

(Ala), no-aromatic amino acid, was used to replace Phe to prepare NDNG in a similar method. Moreover, we 

also changed the adding order of amino acid and Zn(NO3)2 to obtain sample of Phe/Zn(NO3)2/GO, 

Zn(NO3)2/Ala/GO, Zn(NO3)2/Ala/GO and Ala/Zn(NO3)2/GO, then prepared NDNG for comparing the N-

doping content in the final combustion product. 

Zn(NO3)2/Phe/GO: 0.3 g of phenylalanine (Phe) was dissolved into the 10 mL of deionized water, then 10 

mL as-prepared aqueous GO dispersion was added. Successively, the mixer of Phe and GO was stirred for 

approximately 30 min at room temperature. Under vigorous agitation, 10 g of Zn(NO3)2 was added slowly. 

Stir evenly, the mixed solution was vacuum filtered by the quantitative filter paper. After drying at 50 °C, the 

sample was ignited using an alcohol burner. The resulting combustion product was ultrasonicated and 

centrifuged with diluted HCl and deionized water several times until the eluent was neutral, then dried at 

50 °C overnight under vacuum. 

Phe/Zn(NO3)2/GO: Under vigorous agitation, 10 g of Zn(NO3)2 was added into the 10 mL of deionized water, 

then 10 mL as-prepared aqueous GO dispersion was added. Then, 0.3 g of phenylalanine (Phe) was dissolved 

into the above dispersion. Stir evenly, the mixed solution was vacuum filtered directly by the quantitative 

filter paper. After drying at 50 °C, the sample was ignited using an alcohol burner. The resulting combustion 

product was ultrasonicated and centrifuged with diluted HCl and deionized water several times until the 

eluent was neutral, then dried at 50 °C overnight under vacuum. 

Zn(NO3)2/Ala/GO: 0.16 g of alanine (Ala) was dissolved into the 10 mL of deionized water, then 10 mL as-

prepared aqueous GO dispersion was added. Successively, the mixer of Ala and GO was stirred for 

approximately 30 min at room temperature. Under vigorous agitation, 10 g of Zn(NO3)2 was added slowly. 

Stir evenly, the mixed solution was vacuum filtered by the quantitative filter paper. After drying at 50 °C, the 

sample was ignited using an alcohol burner. The resulting combustion product was ultrasonicated and 



centrifuged with diluted HCl and deionized water several times until the eluent was neutral, then dried at 

50 °C overnight under vacuum. 

Ala/Zn(NO3)2/GO: Under vigorous agitation, 10 g of Zn(NO3)2 was added into 10 mL of deionized water, 

then 10 mL as-prepared aqueous GO dispersion was added. Then, 0.16 g of alanine (Ala) was dissolved into 

the above dispersion. Stir evenly, the mixed solution was vacuum filtered directly by the quantitative filter 

paper. After drying at 50 °C, the sample was ignited using an alcohol burner. The resulting combustion 

product was ultrasonicated and centrifuged with diluted HCl and deionized water several times until the 

eluent was neutral, then dried at 50 °C overnight under vacuum. 

Characterizations 

All resulting NDNG samples were characterized by transmission electron microscope (TEM, FEI, USA), 

scanning electron microscope (SEM, HITACHI, Japan), X-ray diffraction (XRD, PANalytical, Netherlands), 

Raman spectroscopy (HORIBA Jobin Yvon S.A.S., France), and X-ray photoelectron spectroscopy (XPS, 

ThermoFisher Scientific, USA) equipped with a monochromatic Al Kα X-ray source. Nitrogen 

adsorption/desorption isotherms were obtained with a Micrometritics ASAP 2020M analyzer (micromeritics, 

USA) at 77 K, and the specific surface area was calculated from the Brunauer–Emmett–Teller (BET) plot of 

the N2 adsorption isotherm. Atomic force microscopy (AFM) images were obtained on a Bruker Dimension 

Icon (Germany). 5 µL of diluted GO, Phe/GO, and Zn(NO3)2/Phe/GO aqueous dispersion was dropped on 

freshly cleaved mica and dried at room temperature to make the AFM samples, respectively. 

Separation of REEs 

pH Variation Study: 3 mg of NDNG-1 was first prepared by vacuum filter with polyvinylidene fluoride 

(PVDF) membrane to form membrane for separating of rare earth elements (REEs). The pH of a feed solution 

of REEs (5mM) was adjusted to 3.0. The pH tests were performed using a driven solution of different 

concentration of HNO3 at various pH (1.0, 2.0 and 2.5). The pH was adjusted by diluted NH4OH or HNO3 

solution. 

Effects of membrane thickness: Because of the definite filtration area of 0.79 cm2, the increasing amount of 

NDNG certainly increases the thickness of final NDNG membrane. Thus, 2 mg, 3 mg, 4 mg and 5 mg of 

NDNG-1 were used to prepare membranes with different thickness, respectively. The thickness of the 

membranes is 45 µm, 105 µm, 157 µm, and 200 µm, respectively. Subsequently, HNO3 at pH 2 as driven 

solution and 5 mM of REEs as feed solution were used to perform the permeation and separation of as-

obtained membranes. 

3 mg of NDNG-1, NDNG-2, NDNG-3, NDNG-4, and NDNG-5, were first prepared to form membranes by 

vacuum filter for separating of rare earth elements. In the separation tests, the feed solutions containing rare 

earth ions were prepared with the desired concentration of 5 mM for each element of REEs in a nitric acid 

environment (pH=3.0). The driven solutions were dilute nitric acid (pH=2.0). As shown in Figure S9K, the 

feed and driven solutions were put into two independent polytetrafluoroethylene tanks of a made-to-order 

apparatus, respectively. The NDNG membrane was fixed in the middle of the two tanks with exposed 

membrane diameter of 1 cm. In order to avoid possible concentration polarization effect near the membrane, 

magnetic stirring was used both in the feed and permeate solution. In general tests, 5 mL of driven solution 

after separated for 0.5 h was used to detect elemental quantification of the various elements by inductively 

coupled plasma mass spectrometry (ICP-MS). The experiments were repeated three times to get standard 

deviations.   



Permeation rate (P) is 
𝐶𝑡𝑉

𝑆×𝑡
, Ct is the concentration of REEs at a certain time in driven solution, unit is mol/L; 

V is the volume of the driven solution, unit is L; S is the effective filter area of NDNG membrane, unit is m2; 

t is time, unit is h. separation factor α = 
𝑃1

𝑃2
, p1 is the permeation rate of the one ion, p2 is the permeation rate 

of the other ion. 

Computational Methodology 

The density functional theory (DFT) calculations were used to calculate the electronic energies. 

Unconstrained geometry optimizations were performed by the functional B3LYP (Becke, 1993; Lee et al., 

1988), with Grimmes DFT-D3 dispersion correction using the Becke-Johnson damping function (Grimme et 

al., 2011), and the def2-SVP (Weigend and Ahlrichs, 2005) basis set was adopted. All energies were corrected 

for the basis set superposition error (BSSE) using the method of Boys and Bernardi (Boys and Bernardi, 

1970). All quantum chemistry calculations were performed with Gaussian 16, revision B01 (Thompson and 

Frechet, 2008). The electrostatic potential (ESP) calculations and (Electron Localization Function) ELF 

analysis were carried out by using the Multiwfn software package (Revision 3.3.8)(Lu and Chen, 2012), and 

the isosurface maps were rendered by the VMD 1.9.2 program (Humphrey et al., 1996) based on the outputs 

of Multiwfn. 

Isotherm Adsorption Studies 

The pH of all solutions was adjusted to 3, and the REEs concentrations ranging from 0.0031 to 0.125 mM 

were used to determine the maximum adsorption capacity. Above solutions were kept in a shaker operating 

at 230 rpm for 24 h to reach the adsorption equilibrium. The concentrations of the remaining REEs were 

measured by ICP-MS. Adsorption capacity Qe (mg/g) of NDNG-3 was calculated by the following equation 

𝑄𝑒 = (𝐶𝑖 − 𝐶𝑒) ×
𝑉

𝑀
                          

where Ci (mg/L) and Ce (mg/L) represent initial and equilibrium concentrations of the REEs in solution, 

respectively. V (L) and M (g) are the volume of the testing solution and the amount of the sorbents NDNG-

3, respectively.



SUPPLEMENTAL FIGURES 

 

Figure S1. Interlayer spacings of GO composites, related to Figure 1.  

(A) Interlayer spacing of GO and GO composites. (B) Interlayer spacing of Zn(NO3)2/Phe/GO with Zn(NO3)2 

concentration.  



 

Figure S2. TEM images of the samples Zn(NO3)2/GO/Phe with different Zn(NO3)2 concentration, 

related to Figure 1.  

(A) 0 g/L (GO). (B) 50 g/L. (C) 100 g/L. (D) 150 g/L. (E) 300 g/L. (F) 450 g/L. 

 

With the increase of Zn(NO3)2•6H2O concentrations, the amount of nitrate crystal water retained between the 

GO layers gradually increases. When heating and drying after filtration, the larger amount of crystal water 

from Zn(NO3)2 can produce the larger volume of vapor bubbles. As these vapor bubbles burst, the larger 

volume of bubbles would cause the larger size of pores on the surface of hydrotalcite. Therefore, a larger 

pore of hydrotalcite was observed at higher concentrations of Zn(NO3)2.



 

Figure S3. XRD of NDNG, related to Figure 2.  

(A) NDNG-1, NDNG-2 and NDNG-3. (B) NDNG-3, NDNG-4 and NDNG-5.



 

Figure S4. Raman of NDNG, related to Figure 2. 

(A) NDNG-1, NDNG-2 and NDNG-3. (B) NDNG-3, NDNG-4 and NDNG-5.



 

Figure S5. N2 adsorption−desorption isotherms of NDNG, related to Figure 2.  

(A) NDNG-1, NDNG-2 and NDNG-3. (B) NDNG-3, NDNG-4 and NDNG-5.



 

Figure S6. FT-IR spectra of GO, Phe/GO, Zn-hydrotalcite/Phe/GO and NDNG-3 samples, related to 

Figure 2. 



 

Figure S7. TGA curves of GO, Phe/GO, Zn-hydrotalcite/Phe/GO and NDNG-3 samples under air 

atmosphere, related to Figure 2. 

 

The chemical structures of the GO, Phe/GO, Zn-hydrotalcite/Phe/GO, and NDNG-3 samples were 

characterized to monitor the synthetic processes by Fourier transform infrared (FT-IR) (Figure S6). As shown 

in Figure S6, there are many O-containing groups that exist on GO sheets. The characteristic functional 

groups of GO were observed at 3405 cm−1 (C-OH), 1730 cm−1 (C=O), 1620 cm−1 (C=C), 1360 cm−1 (C−OH), 

1230 cm−1, 1045 cm−1 and 970 (C−O) cm−1, respectively. Compared with that of pure GO, the FT-IR spectrum 

of Phe/GO showed several differences from that of GO, such as the peaks at 740 and 700 cm-1 associating 

with Phe. The result suggests that after mixing with GO, Phe was successfully adsorbed by GO. After the 

formation of the Zn-hydrotalcite on the Phe/GO sheets, some prominent peaks shifted largely or disappeared, 

which was due to strongly interactions between Zn-hydrotalcite and functional groups on the Phe/GO sheets. 

It should be noted that the peak at 1730 cm-1 of GO disappeared and new absorption peaks at 1486 cm-1 and 

1585 cm-1 corresponding to C-N and C=N stretching appeared, indicating that most of the O-containing 

groups were removed and NDNG was successfully prepared. 

In order to understand the observations, thermogravimetric analysis (TGA) tests were carried out on 

several samples (Figure S7). TGA of the GO has a mass loss before 100 °C due to the removal of trapped 

water between the sheets of GO. The mass removal in the range 200–230 °C was attributed to the 

decomposition of less stable oxygen functionalities. Between 230 and 800 °C, a gradual weight loss was 

observed and can be related to the removal of more stable oxygen functionalities and graphitic regions. It is 

worth noting that the presence of Phe and Zn-hydrotalcite in the samples of Phe/GO and Zn-

hydrotalcite/Phe/GO remarkably changes the thermal process of GO, suggesting that the structure of Zn-

hydrotalcite/Phe/GO was successfully prepared. 

 



 

Figure S8. Typical high resolution XPS C 1s spectra of the NDNG, related to Figure 3.  

(A) NDNG-1. (B) NDNG-2. (C) NDNG-3. (D) NDNG-4. (E) NDNG-5. 



 

Figure S9. SEM images of surface and cross-section of NDNG membranes, related to Figure 4.  

(A-E) SEM image of the surface morphology of NDNG membranes prepared with NDNG-1 (A), NDNG-2 

(B), NDNG-3 (C), NDNG-4 (D), and NDNG-5 (E). (F-J) SEM image of the cross-sectional view of NDNG 

membranes prepared with NDNG-1 (F), NDNG-2 (G), NDNG-3 (H), NDNG-4 (I), and NDNG-5 (J). (K) 

schematic of ion separation equipment, REEs solution and HNO3 solution are placed as the feed and permeate 

solutions, respectively.  



 

Figure S10. Kinetic study of Sc3+ and Gd3+ separation through NDNG-1 membrane, related to Figure 

4.



 

Figure S11. Separation factor of REEs as a function of the NDNG-1 membrane thickness, related to 

Figure 4.



 

Figure S12. Separation factor with different NDNG membranes of M/Sc (M = Y, La, Ce, Pr, Nd, Sm, 

Eu, Gd, Tb, Dy, Ho, Er, Tm, Lu.), related to Figure 4.  

(A) NDNG-1, NDNG-2, NDNG-3. (B) NDNG-3, NDNG-4, and NDNG-5. The feed solution has a 

concentration of 5 mM for all elements at a pH of 3.0; The driven solution is dilute nitric acid at a pH of 2.0.



 

Figure S13. Selective separation of lanthanide M2 (Sm and Gd) and other lanthanide M1 for NDNG-3 

membrane, related to Figure 4.  

M1 is selected from the lanthanide elements except Sm and Gd, and M2 is chosen from Sm and Gd.



 

Figure S14. stability of NDNG membrane in acidic (pH = 3.0) solutions after 90 days, related to Figure 

4. 

(A) Photos of a NDNG membrane before and after separation of REEs. SEM images of surface (B) and cross-

section (C) of NDNG membrane prepared with NDNG-1 after separation of REEs.



 

Figure S15. Experimental equilibrium isotherm data and modeling for Sc3+ sorption on NDNG-3, 

related to Figure 5. 

(A) Equilibrium isotherms for the adsorption of Sc3+ in the presence of other REEs by NDNG-3, pH = 3, m 

= 4 mg, V= 5 mL. (B) Fitting for the Langmuir model.



SUPPLEMENTAL TABLES 

 

Table S1. Atomic Composition of NDNG and Nanoporous Graphene, related to Figure 3 

 

Sample C % N % O % 

Zn(NO3)2/Phe/GO 78.6 2.5 17.0 

Phe/Zn(NO3)2/ GO 85.4 1.9 11.1 

Zn(NO3)2/Ala/GO 80.0 0.9 16.6 

Ala/Zn(NO3)2/ GO 

Zn(NO3)2/ GO 

82.1 

83.2 

0.8 

0.0 

15.0 

14.2 

All samples were performed in triplicates, and only the average is presented. 

As shown in Table S1, the nitrogen element cannot be detected in the product of the sample Zn(NO3)2/GO 

(nanoporous graphene).  

  

 



Table S2. Comparison of Separation Factor with Ion Imprinted Membranes, related to Figure 4 

 

No. Target ion Interfering ion Separation Factor Ref. 

1 Eu3+ La3+, Gd3+, Sm3+ 3.82, 3.47, 3.34 [Chen et al., 2018)] 

2 Gd3+ La3+, Ce3+ 3.50, 2.23 [Li et al., 2015] 

3 Ce3+ Fe3+ 3.2 [Liu et al., 2014] 

4 Gd3+ La3+, Eu3+ 2.91, 2.49 [Cui et al., 2019] 

5 Nd3+, Dy3+ Pr3+, Tb3+ 3.02, 4.16 [Zheng et al., 2018] 

6 Nd3+ Pr3+ 3.56 [Zheng et al., 2017] 

7 Dy3+ Nd3+ 3.33 [Liu et al., 2017] 

8 Sc3+ Other REEs 3.7 This work 



Table S3. Langmuir Model Parameter Calculated from Adsorption Isotherm, related to Figure 5 

 

Sample KL (L/mg) Qm (mg/g) R2 

NDNG-3 6.2823 1.4369 0.9958 
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