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A B S T R A C T   

Separation of mono-/di-valent ions is widely used in the fields of energy security and environmental protection. 
Compared with traditional separation methods, membrane separation could achieve higher efficiency with less 
energy. In this work, we reported graphene oxide (GO) membrane with charged interlayer channels for sepa-
ration of mono-/di-valent ions by utilizing the synergistic effect of size-sieving and electrostatic repulsion. 
Positively-charged polyethyleneimine (PEI) were introduced into the interlayer of negatively charged GO layers 
via layer-by-layer assembly. Characterizations indicated that the introduction of PEI not only controlled the 
charge property of the interlayer channels, but also increased the hydrophilicity of the membrane surface. The 
effects of the number of GO-PEI bi-layer, PEI concentration and salt concentration on the membrane performance 
for mono-/di-valent ions were systematically investigated. The optimal GO-PEI membrane with ~100 nm thick 
exhibited K+, Na+, and Li+ permeation rates of 0.474, 0.378, and 0.306 mol m− 2 h− 1, as well as the selectivity for 
K+/Mg2+, Na+/Mg2+, and Li+/Mg2+ of 33.8, 27.0, and 21.9, respectively. Density functional theory (DFT) was 
employed to understand the transport mechanism of charged interlayer channels for selective transport of 
monovalent ions over divalent ions.   

1. Introduction 

Mono-/di-valent ions separation plays an important role in the 
extraction of valuable seawater metal cations, industrial effluent treat-
ment, secondary storage batteries, and the chlor-alkali, oil, chemicals, 
pharmaceutical industries [1,2]. Membrane separation, as a highly 
energy-saving and environmentally friendly method, has attracted 
widespread attention for molecular separations [3]. However, separa-
tion of mono-/di-valent ions remains challenges for conventional poly-
meric membranes, mainly due to their similar physical and chemical 
properties between monovalent ions and divalent ions. Indeed, the hy-
dration radius of mono-/di-valent ions is both at sub-nanometer scale (e. 
g., K+: 3.31 Å, Na+: 3.58 Å, Li+: 3.82 Å Mg2+: 4.28 Å) [4,5]. In addition, 
divalent ions have a higher charge than monovalent ions and thus are 
subjected to greater forces under an electric field. Therefore, separation 
mechanism for mono-/di-valent ions mainly includes size sieving and 
electrostatic effect [6,7]. 

To improve the ions separation membrane of conventional polymeric 

membranes, the first method is to incorporate fillers with specific pore 
structures into polymeric matrix to achieve fast ion transport and size 
sieving of monovalent ions over divalent ions through the filler pores. 
Another feasible method is to control the membrane charge property to 
enhance the charge repulsion towards divalent ions over monovalent 
ions [8–10]. These methods generally cannot simultaneously improve 
ion permeation rate and ion selectivity. Xu and co-workers [2] used 
in-situ polymerization to grow polyaniline biomimetic nanocones on the 
surface of sulfonic acid sulfonated polyphenylene oxide. The polyaniline 
layer is a porous structure, which effectively reduced the polarization of 
the membrane surface and increased the ion transmission rate. The top 
of the nanocones was the same size as Na+, and the pore wall was 
densely packed with positive charges, realizing high-efficiency separa-
tion of Na+/Mg2+. This membrane achieved a simultaneous increase in 
flux and selectivity. The Na + permeation was 8.4 times that of com-
mercial membranes, and the Na+/Mg2+ selectivity reached 16. 

In recent years, the rapid development of two-dimensional (2D) 
material membranes has brought new opportunities for water 
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purification and ion separation [11–14]. The MXene membrane pre-
pared by Yang et al. can effectively separate monovalent ions and heavy 
metal ions under an external voltage [15–17]. Graphene oxide (GO), as a 
graphene derivative, has low mass transfer resistance brought by the 
atomic thickness and frictionless surface, and rich functional groups. GO 
membranes have shown great potential for molecular separations 
including water desalination and gas separation [18–23]. Previous study 
found that cation-π interaction can precisely control the size of GO 
interlayer channel [24]. The precise size-sieving of Na+/Mg2+ by the GO 
membrane regulated by K+ increased the selectivity from 5.2 to 30.6 
[25]. We also introduced polyelectrolytes on the surface of GO mem-
brane and controlled the ion transport mainly based on the Donan effect 
[26], achieving fast water transport and effective rejection of AB2 salts 
and A2B salts. Theoretically, by utilizing the synergistic effect of 
size-sieving and electrostatic repulsion, charged interlayer channels of 
GO membranes are ideally suitable for selective transport of monovalent 
ions over divalent ions; however, such great potential is not fully 
demonstrated yet. 

In this work, therefore, we explored using a positively-charged 
molecule, polyethyleneimine (PEI), to tune the interlayer charge and 
structure of GO membrane towards separation of mono-/di-valent ions 
(Schematic 1). Experimentally, alternant spin-coating of PEI and GO was 
employed to optimize the interlayer channel structure while regulating 
the charge. Such layer-by-layer GO membranes have been studied for in 
pervaporation [27], gas separation [19], ion exchange [21,23], water 
purification [28] and nanofiltration [22], but they are rarely reported 
for separation of mono- and divalent ions. Here, the size sieving and 
electrostatic effect synergistically endowed the GO-PEI membrane 
simultaneously higher monovalent ion permeation rate and mono-/-
di-valent ions selectivity. The selective transport of mono-/di-valent 
ions through the charged interlayer channels was studied by density 
functional theory (DFT) simulation. 

2. Experimental 

2.1. Materials 

Polyacrylonitrile (PAN) ultrafiltration substrate with a nominal pore 
size of 20 nm were purchased from Shandong Lanjing Trading Co., Ltd. 
The molecular weight cutoff is about 100,000 Da. Deionized (DI) water 
was prepared before use. The dispersed GO was purchased from Nanjing 
Jicang Nano Technology Co., Ltd. Polyethyleneimine (PEI) with a mo-
lecular weight of 70 k Da and inorganic salts including MgCl2, NaCl, 
LiCl, KCl. were purchased from Shanghai Aladdin Biochemical Tech-
nology Co., Ltd. 

2.2. Membrane fabrication 

The dispersed GO was diluted with water to 0.2 mg mL− 1, sonicated 

for 20 min, and centrifuged for 10 min to form a uniform GO dispersion. 
Then, DI water was used to dissolve PEI with stirring to prepare PEI 
solution (pH, ~7.89). First, a spin-coater was used to coat a layer of PEI 
on the PAN substrate to improve the bonding between GO and substrate. 
Subsequently, as shown in Schematic 1, GO dispersion and PEI solution 
were spin-coated alternately, each solution layer will go through two 
consecutive stages, 9 s at 200 rpm and 50 s at 2200 rpm, and layer-by- 
layer GO-PEI membrane was prepared. The membranes were dried at 
40 ◦C for 12 h before use. We define alternant spin coating once GO and 
PEI as a bi-layer to investigate the effect of the number of layers on the 
membrane performance. GO-PEI-LBL membranes prepared with 
different concentrations of PEI solution (0.02 wt%, 0.035 wt%, 0.05 wt 
%, 0.075 wt% and 0.1 wt%) were named GPL-1, GPL-2, GPL-3, GPL-4, 
and GPL-5, respectively. The same method was used to prepare pure GO 
membranes for comparison. 

2.3. Characterizations 

The morphologies of the membranes were obtained by field-emission 
scanning electron microscopy (S4800, Hitachi, Japan). X-ray diffraction 
(XRD, Bruker D8 Advance, Germany) measurements were performed at 
room temperature in the range of 5◦ ≤ 2θ ≤ 40◦ in increments of 0.02◦/s. 
X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha, 
USA) was used to determine the chemical compositions of the sample 
surfaces. Fourier transform infrared spectra (FTIR, Thermo, Nicolet 
Nexus 470 spectrometer, USA) was employed to characterize the func-
tional groups of membranes in the range of 500–4000 cm− 1 in ATR 
mode. Contact angle (CA, DropMeter A-100P, China) drop-meter was 
used to measure water contact angle of membrane surface to confirm the 
membrane hydrophobicity. The membrane surface charge at different 
pH was conducted by Zeta potential (Anton Paar SurPASS 3, Austria) 
measurement. 

2.4. Membrane performance evaluation 

Home-made ion permeation device was used to evaluate the mem-
brane performance. DI water as the raw material liquid, and salt solution 
(MgCl2, NaCl, LiCl or KCl) as the draw solution. To reduce concentration 
polarization, we stir separately on both sides of the membrane cell. The 
effective membrane area of the ion permeation device is 7.07 cm2, and 
the membrane surface faces the draw solution. Except for the test to 
investigate the salt concentration, 0.5 mol L− 1 salt solution was used in 
the experiment. Before the test, the membrane is installed in the device 
and soaked in DI water for 3 h to make the membrane reach a struc-
turally stable state during the test. After testing a salt solution, DI water 
was used to soak for 6 h and clean the membrane cell until the salt 
concentration is less than 1 mg L− 1. The test is carried out at room 
temperature. For each condition, at least two membrane samples are 
tested to ensure the reproducibility. The ions permeation rate (mol m− 2 

Schematic 1. Fabrication of GO-PEI membrane and its mono-/di-valent ions transport pathways.  
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h− 1) can be calculated as follows: 

Js =
(Ct⋅Vt − C0⋅V0)

1000 × A × t × Ms
(1)  

where A (m2) is the effective membrane area, C0 (mg L− 1) and V0 (L) 
represent the initial salt concentration and solution volume on the raw 
material side, respectively. Ct (mg L− 1) and Vt (L) are the salt concen-
tration and solution volume after running in a given time, t (h) is the 
operating time. Ms (g mol− 1) represents the molecular weight of the salt. 
The conductivity of the mono-/di-valent salt solution in the raw material 
side is measured by a conductivity meter to obtain the salt concentra-
tion. The ideal selectivity of mono-/di-valent ions Sid is calculated as 
follows: 

Sid = JS1/JS2 (2)  

where and represent monovalent and divalent ion permeation rates, 

respectively. 

2.5. DFT calculations 

According to the XRD characterizations, the models for pristine GO 
membrane and GO-PEI membrane with interlayer channel size of ~9 Å 
were constructed. The actual distance between GO and PEI is hardly to 
be measured. Here, we set the same distance for GO-GO and GO-PEI to 
fairly compare the effect of PEI on the ion transport through the GO 
membrane. The ion-membrane systems were optimized in implicit 
aqueous solution at the low-cost quantum chemical GFN2 level of theory 
using the xtb program [29], taking into consideration the hydration of 
ions. Applying the implicit solvent model, the solvent is treated as a 
polarizable continuous media, which describes the average effect of the 
solvent on the solute. Although the explicit configurations of water 
molecules cannot be described, the effect of the aqueous solution on the 
ion-channel interaction are considered through the polarizable field. 

Fig. 1. SEM images of the surface and cross-section of GO-PEI membrane with different numbers of bi-layers. (a, b) 5 bi-layers; (c, d) 10 bi-layers; (e, f) 15 bi-layers; 
(g, h) 20 bi-layers. 
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Previous study has employed the implicit solvent model to investigate 
the ion-channel systems successfully [30]. In the current work, the water 
shell around the ions was not considered explicitly due to the limit of 
computational resources. 

The geometrically converged structures were proceeded to the den-
sity functional theory (DFT) calculations to obtain the minimum ion- 
channel interaction energies representing the ion transport pathway. 
The performance of the membrane was evaluated through the ion- 
channel interaction energy changes during ion transport. This strategy 
has been used to investigate the ion separation performance of desali-
nation membranes in the previous study [30]. The DFT calculations 
were carried out by the ORCA package [31,32]. The B97-3c composite 
generalized gradient approximation (GGA)-based functional [33] was 
used to describe the electron-core interaction and the electron 
exchange-correlation. The resolution of the identity (RIJ) approximation 
[34] was employed to accelerate the calculation of Coulomb and ex-
change integrals. The solvent effect was simulated using the implicit 
CPCM polarizable continuum model [35]. 

The interaction energy was calculated as follows: 

Eint =Eion− channel − Echannel − Eion (3)  

where , and refer to the total energy of the ion-channel system, the en-
ergy of isolated membrane and the energy of isolated ion in solution, 
respectively. The of the system at x = 0 Å was set to 0 kJ/mol. The plot 
with respect to can be used as the projected potential energy surface 
(PES) of ion transport in the channel. 

3. Results and discussion 

3.1. Membrane morphology and physico-chemical properties 

GO-PEI membranes with different GO-PEI bi-layers were character-
ized by SEM. As shown in Fig. 1, the surfaces of the membranes are 
smooth and flat, and there is no wrinkle morphology of GO nanosheets 
stacking. Compared with the previous work [26], the charge control was 
performed on the surface of the GO membrane. The introduction of 
polyelectrolyte did not affect the GO nanosheets stack structure, and the 
surface wrinkle morphology was maintained. The GO-PEI membrane is 
prepared by alternant spin-coating of GO and PEI. During the prepara-
tion process, the charge attraction between PEI and GO makes the stack 
of GO nanosheets flatter, so the surface of the GO-PEI membrane is 
smoother. It can be seen from Fig. 1b, d and f that the cross-section of the 
membranes is integrated, and there is no obvious interface of each layer, 

Fig. 2. (a) XRD patterns and (b) FT-IR spectra of pure GO membrane and GO-PEI (0.05 wt% PEI) membrane.  

Fig. 3. Surface SEM images of GO-PEI membranes prepared with different PEI concentrations. (a) pure GO, (b) 0.02 wt% PEI, (c) 0.05 wt% PEI and (d) 0.1 wt% PEI. 
(e) Energy dispersive X-ray spectroscopy mapping of GO-PEI (0.05 wt% PEI, 15 bi-layers) membrane surface. C, O, and N are indicated in yellow, green, and red, 
respectively. 
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which can be partially owing to the enhanced electrostatic attraction 
enabled by PEI intercalation. However, as the number of bi-layers in-
creases, interface defects appear in some areas of the membrane layer 
(red circles indicated in Fig. 1h). This may be due to the increase of the 
membrane thickness hindering the volatilization of the residual water 
within the membrane interlayer. Moreover, the separation layer of the 
membrane and the substrate are tightly bonded, and there is no peeling 
phenomenon between them, because the initial PEI coating also en-
hances the interface bonding of the substrate. The thicknesses of the 
GO-PEI membrane with 5, 10, 15 and 20 bi-layers of spin-coating are 34, 
66, 100 and 134 nm, respectively, which are almost proportional to the 
number of bi-layers. 

XRD measurements were used to study the laminar structures of pure 
GO and GO-PEI (0.05 wt% PEI) membranes. As shown in Fig. 2a, the 
pure GO membrane has a diffraction peak at ~10.9◦ with a d-spacing of 
0.81 nm, calculated using the Bragg equation: 2dsinθ = nλ, where d is 
the d-spacing, n is 1, and λ is 0.15406 nm [36]. Interlayer height (h) 
referring to the distance between two adjacently stacked GO nanosheets 
for molecular transport was calculated to be 0.46 nm as d-spacing minus 
the thickness of the GO nanosheet of ~0.35 nm. The peak in the XRD 
pattern is sharp, indicating that the GO nanosheets are orderly stacked 
under the action of shearing force provided by the spin-coating process 
[37]. In comparison, the GO-PEI (0.05 wt% PEI) membrane shows a 
relatively broad and weak diffraction peak, and the peak position shifts 
to the left. Because of the charge interaction between GO and PEI, and 
the filling of the PEI, the regular interlayer channels are enlarged [37]. 
The interlayer height of GO-PEI (0.05 wt% PEI) membrane is ~0.59 nm. 
Due to the steric hindrance of PEI, the molecular transport space could 
be much smaller than 0.59 nm. FT-IR measurement was used to study 
the functional groups on the membrane surface. It can be seen from 
Fig. 2b that there are three peaks of C–O (~1072 cm− 1), C––O (~1625 
cm− 1 and ~1731 cm− 1) and O–H (~3389 cm− 1) in the FT-IR spectrum 
of pure GO membrane [38]. The peaks of C–H, C–N and N–H appeared in 
the FT-IR spectrum of the GO-PEI (0.05 wt% PEI) membrane, confirming 
that the PEI molecules were successfully introduced into the GO 
membrane. 

The influence of the PEI concentration on the morphology of the GO- 
PEI membrane was investigated. As show in Fig. 3a, the surface of the 
pure GO membrane has many wrinkles stacked by GO nanosheets. The 
surface of GO-PEI membrane prepared with low PEI concentration is 
smooth (Fig. 3b-c). With the increase of PEI concentration, the surface of 
GO-PEI membrane becomes rough (Fig. 3d), while is different from the 
wrinkle of pure GO membrane. This may because the high concentration 
PEI having strong electrostatic attraction with the GO nanosheets during 
the spin-coating and spreading process, causes agglomeration of GO 
nanosheets. EDX elemental analysis was further performed on the sur-
faces of the GO-PEI membrane (0.05 wt% PEI, 15 bi-layers). As shown in 
Fig. 3e and S1-S3 the distribution of C on the membrane surface can be 
attributed to either the GO nanosheets or PEI, and the distribution of O 
on the membrane surface can be attributed to the GO nanosheets. 
Moreover, a uniform distribution of N (a major element of PEI) on the 
GO-PEI membrane surface was observed, indicating that PEI is evenly 
introduced onto the GO nanosheets. 

Hydrophilicity of GO-PEI membrane surface was characterized by 
water contact angle (CA). As show in Fig. S4, the pure GO membrane 
exhibits good hydrophilicity with a water contact angle of 57.7◦. This is 
due to the rich oxygen-containing functional groups on the GO surface, 
which is beneficial to the spread of water molecules on the surface [39]. 
After the introduction of suitable concentration of PEI, the surface hy-
drophilicity of GO membrane is enhanced. While as further increasing 
the PEI concentration, the water contact angle gradually increases. 
Because, there are a large number of hydrophilic amine groups in PEI, 
thereby enhancing the surface hydrophilicity as its introduction into the 
GO membrane [13]. While, as the concentration of PEI continues to 
increase, the oxygen-containing groups on the surface of the GO mem-
brane will be covered by PEI chain (as Table S1), which would increase 

the water contact angle on the surface of GO membrane. In general, 
GO-PEI membranes have good hydrophilicity. As the PEI concentration 
is 0.05 wt%, the GO-PEI membrane exhibits the strongest hydrophilicity 
with water contact angle of 26.1◦. 

The cationization of the amine group of the PEI will affect the charge 
properties of the GO-PEI membrane, which was studied by Zeta poten-
tial measurement. As shown in Fig. 4, the GO membrane is negatively 
charged due to the ionization of the oxygen-containing groups of GO 
[28], while the surface of the GO-PEI membrane is positively charged 
under neutral test conditions. This is due to the abundant positively 
charged amine groups on the PEI, part of which neutralized the nega-
tively charged groups of GO, and the rest of which was exposed to the 
external charge. Although positive charge in transport channel may 
decrease the ion permeation [40], the positively charged GO-PEI 
membrane could improve the perm-selectivity of mono-/di-valent ions 
based on the electrostatic repulsive effect [26]. The electrostatic inter-
action between the cationized PEI and GO is enhanced could also 
improve the structural stability of the interlayer channels of the GO-PEI 
membrane [41,42]. 

Chemical composition of the membrane surface was characterized by 
XPS. As show in Fig. S5, the peaks of GO could be deconvoluted into 
three components with binding energies at approximately 284.8, 287.0 
and 288.6 eV, corresponding to the C–C, C–O, and C––O bonds [36,37], 
respectively. The O/C ratio of GO is 0.487, indicating a strong oxidation 
degree that is suitable for chemical modification. The C1s spectrum of 
GO-PEI membrane produced a peak of C–N (285.7 eV), owing to the 
introduction of PEI into the GO membrane [37]. The amine groups on 
PEI could react with the epoxy groups on GO through nucleophilic 
addition, thereby enhancing the stability of the GO membrane. The N1s 
spectrum shows that the introduced PEI have two types of amine groups: 
charged and neutral. The protonated amino groups offer positive 
charges to the GO interlayer channels, and meanwhile the neutral amino 
groups can form hydrogen bonding with water so as to increase the 
hydrophilicity of the interlayer channels. It is anticipated that both of 
them would play a positive role in the separation of mono-/di-valent 
ions [6,11]. 

3.2. Ion separation performance of membranes 

Firstly, the influence of the number of GO-PEI bi-layers on the 
membrane performance was investigated. As shown in Fig. 5a, the ion 
permeation rate is related to its hydration diameter 
(K+<Na+<Li+<Mg2+). The smaller the diameter, the higher the 
permeation rate. As the number of spin-coating GO-PEI bi-layers 

Fig. 4. Zeta potential of GPL-3 (0.05 wt% PEI) membrane under various pH.  
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increases, the permeation rate of each ion decreases significantly and the 
permeation rate of divalent ions decreases faster than that of mono-
valent ions. Thus, increasing the bi-layer greatly enhanced the mono-/ 
di-valent ion selectivity (Fig. 5b). This result indicates that the interlayer 
channels of the GO-PEI membrane have a sieving effect on mono-/di- 
valent ions. However, when the number of bi-layers continues to in-
crease, the transport resistance of the membrane to all ions is increased, 
and the interface voids (Fig. 1h) deteriorate the rejection efficiency of 
the membrane to divalent ions. Therefore, both the permeation rate 
selectivity of mono-/di-valent ions are reduced in the membrane with 20 
GO-PEI bi-layers. When the number of bi-layers is 15, the GO-PEI 
membrane exhibits the optimal mono-/di-valent ion separation perfor-
mance, with perm-selectivity of K+/Mg2+, Na+/Mg2+ and Li+/Mg2+ of 
31.7, 17.1 and 15.4, respectively. 

The GO-PEI membrane prepared with different PEI concentration 
was also investigated. It can be seen from Table S1 that as the PEI 
concentration increases, the N content in the membrane increases from 

9.31% to 16.67%. It suggests an increase of surface amine groups, 
thereby enhancing the density of positive charges in the GO-PEI 
membrane. 

As shown in Fig. 6a, with increasing the PEI concentration, the ion 
permeation rates decrease, which is caused by the increase of charge 
repulsion. The divalent ions suffered stronger repulsive force [6,7], thus 
the perm-selectivity of mono-/di-valent ions gradually increases 
(Fig. 6b). When the concentration of PEI solution is greater than 0.05 wt 
% (GPL-4, GPL-5), the ion permeation rate increases while the ion 
selctivity decreases. This is because the high concentration of positively 
charged PEI leads to agglomeration of GO nanosheets (Fig. 2d), intro-
ducing non-selective defects into the membrane. Although high PEI 
concentration is beneficial to the separation of mono-/di-valent ions 
based on the electrostaic replusion effect, it weakens the size sieving 
effect of GO interlayer channels for mono-/di-valent ions. The 0.05 wt% 
PEI is considered as a balance point between electrostaic replusion effect 
and size sieving effect in the GO-PEI membrane. 

Fig. 5. Effect of the number of GO-PEI bi-layers on the membrane separation performance of mono-/di-valent ions (the PEI concentration is 0.05 wt%).  

Fig. 6. Effect of PEI concentration on the separation performance of GO-PEI membrane for mono-/di-valent ions (number of GO-PEI bi-layer: 15).  

Fig. 7. Separation performance of mono-/di-valent ions of GO-PEI membrane under different salt concentrations.  
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The performance of GO-PEI membrane was further evaluated by 
various salt concentrations in the draw solution. If only relying on the 
electrostaic replusion effect, the selectivity of the membrane will 
decrease as increasing the salt concentration due to the charge screening 
effect [25,43,44]. As shown in Fig. 7, the ion permeation rate is almost 
proportional to the salt concentration due to the increase of the driving 
force. It is worth noting that the selectivity of mono-/di-valent ions does 
not decrease with the increase of salt concentration, even shows a slight 
increase. When the salt concentration is 1.0 mol L− 1, the 
perm-selectivity of K+/Mg2+, Na+/Mg2+ and Li+/Mg2+ are 33.8, 27.0 
and 21.9, respectively. This result again suggests that the separation of 
monovalent and divalent ions by GO-PEI membrane is a synergistic 
result of electrostatic repulsion effect and size sieving effect. In fact, the 
salt concentration in seawater is ~0.86 mol L− 1, while the salt con-
centration in salt lakes is as high as 5–7.5 mol L− 1. Therefore, the size 
sieving effect is very important to realize the separation of mono-/-
di-valent ions by membrane process. 

3.3. Computational study of ion transport through the membrane 

In order to get an insight into the reason of the performance 

improvement of the GO membrane by the intercalation of the PEI chain, 
we performed DFT calculations on the pristine GO membrane and the 
GO-PEI membrane. From the transport trajectory (Fig. S6a) we can see 
that after entering the channel, Na+ tends to transport through the 
center of the pristine GO interlayer channel. In the presence of PEI, the 
off-centered path is observed from time to time (Fig. S6c). Mg2+ occa-
sionally translocates towards the GO as transporting through the pristine 
GO interlayer channel (Fig. S6b). By contrast, Mg2+ transports cling to 
the GO through the PEI functionated GO interlayer channel (Fig. S6d). 

The minimum energy pathways of ion transport approaching/ 
through the pristine GO and the GO-PEI interlayer channel are shown in 
Fig. 8. It can be seen that the permeation energy barrier of Mg2+ is much 
larger than that of Na + for both interlayer channels. With the interca-
lation of PEI, the Mg2+/Na+ energy barrier ratio is increased with 
respect to the pristine GO interlayer channel, leading to the higher perm- 
selectivity of mono-/di-valent ions through the membrane. It was also 
found that compared with pristine GO channel the energy barrier for 
both Mg2+ and Na+ was higher in the GO-PEI channel, which accounts 
for the lower ion permeation rate in the GO-PEI membrane. To achieve 
simultaneous enhancement in ion permeation rate and selectivity, a low 
energy barrier for monovalent ion and meanwhile high energy barrier 

Fig. 8. The minimum energy pathways of ion transport approaching (a) pristine GO and (b) GO-PEI interlayer channel (the position is depicted taking the GO-Na+

model as the example in the insets), and the minimum energy pathways of ion transport through (c) pristine GO and (d) GO-PEI interlayer channel (the position is 
depicted taking the GO-PEI-Mg2+ model as the example in the insets). 
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ratio for mono-/di-valent ions should be pursued. With regard to this, 
the charge property and molecular structure of intercalated molecules 
need to be further optimized in designing the charged interlayer chan-
nels for mono-/di-valent ions separation. 

Moreover, the electrostatic potential (ESP) of the geometry corre-
sponding to the maximum of the energy pathway through the channel 
was calculated. The ESP mapped van der Waals surfaces (ρ = 0.001 a.u. 
isosurface) [45] are shown in Fig. 9. The green (positive) and red 
(negative) isosurfaces overlap between Mg2+ and GO indicates that the 
Mg2+/GO electrostatic attraction is stronger than Na+/GO electrostatic 
attraction. The Mg2+/GO electrostatic attraction is enhanced due to the 
Mg2+/PEI electrostatic repulsion depicted by larger isosurfaces overlap 
between Mg2+ and GO in the GO-PEI interlayer channel (Fig. 9d) than in 
the pristine GO interlayer channel (Fig. 9b). Comparatively, the Na+/GO 
electrostatic attraction is still quite weak (almost no isosurfaces overlap) 
even with the presence of PEI (Fig. 9a, c). This analysis confirms that the 
introduction of PEI layer can have much larger influence on the 
Mg2+/channel electrostatic interaction than Na+/channel electrostatic 

interaction, thereby enhancing the perm-selectivity of mono-/di-valent 
ions. 

The membrane separation performance for mono-/di-valent ions 
(K+/Mg2+) was compared with GO membranes in literatures. As shown 
in Table 1, by incorporating materials that promote ion permeation 
through GO nanochannels [11], or expanding the GO nanochannels 
[46], higher ion permeation rate can be obtained, while the selectivity of 
the membrane is generally lower. Cross-linking GO nanosheets by using 
metal ions to obtain narrower channels with enhanced size sieving effect 
is another method [47]. This membrane has high selectivity, whereas 
the ion penetration rate is relatively low. Overall, our GO-PEI membrane 
exhibit balanced ion permeance and mono-/di-valent ion selectivity 
compared with those of state-of-the-art GO membranes. The relatively 
low ion permeance can be attributed to the additional transport resis-
tance with the introduction of PEI into the interlayers. The transport 
resistance might be reduced by using charged molecules with much 
smaller size. 

In addition, it is also noticed that previous PEI-based layer-by-layer 
polyelectrolyte membranes showed higher permeance and selectivity 
than the GO-based membranes [48], probably owing to the thin LBL 
membrane layer and strong electrostatic interactions of pure poly-
electrolytes toward ions. This fact suggests that reducing the transport 
resistance and enhancing the size-sieving effect could be reasonable 
approaches to further advance the ion separation performance of 
GO-based membranes. 

4. Conclusions 

In this study, interlayer charge-regulated GO-PEI membranes for the 
separation of mono-/di-valent ions were developed. The electrostatic 
attraction created by the introduction of positively charged PEI into the 
interlayer of negatively charged GO laminates endowed GO interlayer 
channels with size sieving effect. DFT calculations demonstrated that 
with the intercalation of PEI, the permeation energy barrier for divalent 
ions over monovalent ions is enhanced in the GO interlayer channels, 
thereby enabling the separation of mono-/di-valent ions based on the 
electrostatic repulsion effect. As for salt concentration of 1.0 mol L− 1, 

Fig. 9. The electrostatic potential (ESP) mapped van der Waals surface (ρ = 0.001 a.u. isosurface) of (a) Na+ and (b) Mg2+ in pristine GO, (c) Na+ and (d) Mg2+ in 
GO-PEI interlayer channel. 

Table 1 
Comparison of K+/Mg2+ separation performance of GO membranes.  

GO-based 
membranes 

Salt 
concentration/ 
mol L− 1 

K+ permeance/ 
mol m− 2 h− 1 

bar− 1 

K+/Mg2+

selectivity 
Ref. 

GO 0.1 0.101 3.5 [49] 
GO-IL 0.5 0.055 9.11 [11] 
GO-Cu-24 0.1 0.035 68.8 [47] 
PEI -TA-GO 0.2 0.008 13.9 [50] 
HA-GO 0.2 0.121 6.11 [46] 
PPD-GO 0.1 0.018 7.15 [51] 
PA/ED-GO 0.1 0.014 11.8 [52] 
24h-FRGO 0.1 ~0.040 ~169.0 [53] 
FGOM-30 0.1 0.0004 50.0 [54] 
FGOM-60 0.1 0.0002 90.3  
IBE-GOM 0.25 0.0002 >33 [55] 
GO-PEI 0.5 0.009 31.7 This 

work  
1.0 0.010 33.8   
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the optimal GO-PEI membrane exhibited K+/Mg2+ per-selectivity of 
33.8 and K+ permeation rate of 0.474 mol m− 2 h− 1. This preliminary 
work demonstrates the potential of charged interlayer channels of GO 
membranes for mono-/di-valent ions separation. Future work will be 
needed to further enhance the separation performance, and systemati-
cally investigate the mixed-salts performance and long-term stability of 
this kind of GO membranes. 
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