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ABSTRACT  

Solvent is involved in many wet-chemical synthesis and bottom-up assembly processes. 

Understanding its influences in the nanotextural formation of the resultant assemblies is essential 

for the design and control of the properties for targeted applications. With wet-chemically reduced 

graphene oxide (rGO) membranes as a materials platform, this study investigates the solvent effect 

on the nanotexture formation in 2D nanomaterial-based membranes through light scattering and 

electrochemical characterization. Our finding indicates that the nanotexture of the resultant rGO 

membrane is largely correlated to the dielectric constant of the solvent. Specifically, solvents with 
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higher dielectric constant yield rGO membranes with more wrinkled, loosely stacked, and less 

graphitized structures. In contrast, solvents with lower dielectric constant tend to yield densely 

stacked structures with larger graphitized domains. Our finding underscores the important role of 

solvents in wet processing and nanoengineering of 2D nanomaterial-based membranes and 

provides valuable insights for their controlled synthesis and application.  

KEYWORDS. 2D laminar membranes, Nanostructures, Small-angle X-ray scattering, Solvent 

effect, Graphitic stacking. 

Introduction 

2D nanomaterial-based membranes have emerged as versatile materials platforms for numerous 

applications, including energy conversion and storage, and ion separation, owing to their 

exceptional electronic and ionic conductivities.1–3 To realize the desired performance in such on-

demand applications, controlling the interlayer nanotextures of 2D laminar membranes is of 

paramount importance. Among the various designs and fabrication methods of 2D laminar 

membranes, wet-chemically produced 2D nanosheets are particularly intriguing as building blocks 

due to their cost-effectiveness, scalability, and modular configuration and interactions for various 

wet-chemical processing, including assembling, functionalization, and chemical treatment.4 One 

exemplary method for producing graphene membranes is through the wet-chemical reduction of 

graphene oxide (GO) membranes, where the hydroiodic acid (HI) reduction method is widely 

employed.5,6 While previous studies have devoted to understanding and controlling reduction 

conditions, such as temperature, time, and the type and concentration of chemical agents, to 

achieve the desired interlayer structure of the graphene membrane primarily in an aqueous 

solution,7,8 the influence of solvents employed in wet-chemical reduction has yet to be explored.  
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From the viewpoint of colloid chemistry, the solvent, as an essential participant in wet-chemical 

processes, plays a pivotal role in determining the architectures of assemblies by mediating the 

conformation and colloidal interactions of the solvated building blocks.9 In the context of 2D 

nanomaterials, the solvent effect is assumed to be more significant due to their relatively low 

bending stiffness compared to nanomaterials in other forms, such as nanodots and nanowires, 

rendering them more susceptible to the surrounding environment.10 For example, the corrugation 

behavior of graphene nanosheets can be significantly influenced by the solvent nature, ranging 

from highly wrinkled, collapsed conformation to relatively flat extended conformation.11,12 

Furthermore, solvents could alter the interactions of two building blocks at the nanoscale, as 

reflected by the changed interlayer spacing of GO membrane in different types of solvents.13,14 

The surface interaction modulated by solvent can further assist the self-assembly of two molecules 

in a hybrid material system.15 Given that numerous wet-chemical processes are employed to 

fabricate 2D nanomaterial-based membranes,16 investigating the influence of solvents on 

nanotexture formation is crucial for not only developing controllable structural engineering 

approach but also optimizing the performance of these materials, yet remains largely unexplored.  

In this study, we studied the impact of solvents on the nanotextural formation of wet-chemically 

produced 2D laminar membranes by conducting a systematic analysis of the HI-reduction of GO 

membranes in various solvents, including water, ethanol, and their mixtures. Our investigation 

with small-angle X-ray scattering (SAXS) and electrochemical measurements reveals that the rGO 

membrane reduced in water exhibited a more wrinkled, loosely stacked, and less graphitized 

structure compared to that reduced in ethanol. Further experiments with acetone and mixtures of 

water and ethanol indicate that solvent polarity is likely to be one of the determining factors for 

such solvent effects on nanotexture formation. This work not only demonstrates a significant 



 4 

influence of the solvent on the nanotexture formation during the wet-chemical processing but also 

provides a strategy for engineering the nanostructure of 2D laminar membranes.  

Results and Discussion  

 

Figure 1. Illustration for the reduction of GO membrane in different solvents. 

The reduced graphene oxide (rGO) membranes were prepared by directly reducing the vacuum-

filtrated GO membrane with HI solution in different solvents (Figure 1). The GO nanosheets used 

in this work have a mean flake size of 1.33 μm2 and a thickness of ~1 nm (Figure S1 and S2). We 

used water and ethanol to carry out the reduction as two solvents were commonly used in previous 

studies.17,18 Before reduction, the vacuum-filtrated GO membrane (Figure S3) was respectively 

pre-immersed in Milli-Q water and absolute ethanol for 2 h to ensure the full wetting of solvent to 

the membrane,19 and HI was then added to the solvent for further reduction. The reduction was 

performed at 40 ℃ for 24 h to completely reduce the GO membrane. After being thoroughly 

washed using ethanol to remove the adsorbed HI, I2, and the residual solvent, the rGO membranes 

were dried in an oven at 40 ℃ for 24 h. The resultant rGO membranes obtained in water and 

ethanol solvents are denoted as rGO-water and rGO-ethanol, respectively. Both membranes exhibit 

a dark, smooth surface and possess a high degree of flexibility (Figure S4). X-ray photoelectron 

spectroscopy measurement (Figure S5 and Table S1) demonstrates similar surface chemistry 
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between rGO-water and rGO-ethanol membranes. Both rGO membranes show a relatively high 

reduction degree with a C/O ratio of ~6 after the reduction of HI at 40 ℃ for 24 h, agreeing well 

with the previous reports.20  

 

Figure 2. Structural characterization of rGO-water and rGO-ethanol. SEM images of the surface 

(top) and cross-sectional area (bottom) of rGO-water, rGO-ethanol. (b) Comparison of the packing 

density and average interlayer spacing (dave). (c) Scattering pattern obtained from the Synchrotron-

based small-angle X-ray scattering with the incident beam passing through the cross-section of the 

membrane. Insert is the plot of the azimuthal dependence of the scattering intensity with the 

orientation distribution factor S. (d) Comparison of XRD patterns. (e) Stacking height (Lc) of 

graphitized clusters obtained from the XRD pattern by Scherrer equation.  
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We characterized the microstructure and nanotextures of rGO-water and rGO-ethanol 

membranes using various techniques. As shown in Figure 2a, the scanning electron microscopy 

(SEM) images of the top and cross-sectional area of the two rGO membranes indicates that the 

rGO membranes both have laminated stacking structure but show different surface morphologies 

and interlayer structures. In specific, the rGO-water exhibits a rougher surface and is more loosely 

stacked than the rGO-ethanol, resulting in a lower packing density (1.16 vs. 1.46 g cm-3, Figure 

2b). Correspondingly, the rGO-water shows a larger average interlayer spacing (dave) than rGO-

ethanol (0.65 vs. 0.52 nm, Figure 2b), as estimated by its relative density to the graphite (see 

Method).21 More insights into the nanotexture of these rGO membranes were obtained by small-

angle X-ray scattering (SAXS). As shown in Figure 2c, the rGO-water shows a wider scattering 

pattern than the rGO-ethanol, suggesting a lower degree of sheet alignment. The degree of 

alignment was further quantified by plotting the azimuthal intensity distribution (insert in Figure 

2c) and correlating it to the orientation distribution coefficient, S, by Hermans’ distribution 

function.22 A smaller value of S (0.7) observed in the rGO-water membrane compared to the rGO-

ethanol membrane (0.77) confirms less orderly aligned nanosheets in the rGO-water, agreeing well 

with the more wrinkled and rougher surface morphologies of the rGO-water membrane (Figure 

2a). The X-ray diffraction (XRD) pattern of both the rGO-water and rGO-ethanol membranes 

shows one diffraction peak at approximately 25°, suggesting the presence of one type of ordered 

structural unit (graphitized cluster) in both rGO membranes (Figure 2d). Notably, the rGO-water 

membrane exhibits a much wider diffraction peak than the rGO-ethanol membrane, corresponding 

to a smaller size of the graphitized cluster (Lc) in the rGO-water (6.17 vs. 7.50 nm) (Figure 2e). 

This observation indicates that the rGO nanosheets reduced in water have less propensity to 

restack, resulting in smaller graphitized crystals in the rGO-water membrane. The result can also 
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be confirmed by Raman spectrum analysis (Figure S7). From the analysis, rGO-water displays a 

stronger D″ band compared to rGO-ethanol. Since it is well-established that the D″ band is 

directly correlated with the amorphous phase of GO and rGO,23 the larger area of the D″ band 

provides further evidence for the smaller graphitized crystallinity of rGO reduced in water 

compared to ethanol.  

 

Figure 3. Electrochemical characterization of rGO-water and rGO-ethanol in the configuration of 

half coin cells with 1.0 M LiPF6 as electrolyte and Lithium foil as the counter and reference 

electrodes. (a-b) First five cycles of cyclic voltammetry (CV) curves of rGO-water (a) and rGO-

ethanol (b) at a scan rate of 0.1 mV s-1. (c) Comparison of capacitive and diffusion-controlled 
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contributions at a scan rate of 0.1 mV s-1. (d) Charge-discharge curves in the 25th cycle between 

3.0 and 0.01 V at a current density of 0.1 A g-1.  

The different nanotextural formation between rGO-water and rGO-ethanol membranes was 

further revealed by the electrochemical characterization of the rGO membranes/Li half-cell (see 

experimental details). As shown in Figures 3a and 3b, the cells based on both rGO-water and rGO-

ethanol membranes exhibit a nearly negligible cathodic current until the potential is below ~0.5 V 

vs. Li/Li+. The CV curve of the rGO-water membrane-based cell shows the highest cathodic 

current near 0.01 V vs. Li/Li+. Such a significant current increment under ~0.5 V could be 

attributed to the intercalation of Li+ into the stacked graphene membrane to form layered 

compounds (i.e., LixC). In the anodic process, the CV curve of the rGO-water membrane-based 

cell exhibits a broad peak near ~ 0.2 V in the subsequent scans, which corresponds to the process 

of Li+ extraction from the graphene stacks. In contrast, the CV curves of the cell based on the rGO-

ethanol membrane show no obvious anodic peaks and small current through the potential window 

(0.01~3 V), indicative of less intercalation and de-intercalation of Li+ ions in the graphitized region 

during the charging/discharging process. In addition, the CV curve of the rGO-water membrane-

based cell displays an enormous loss of the initial current in the subsequent scan compared to that 

based on the rGO-ethanol. The prominent irreversible current loss in the CV curve of the rGO-

water membrane-based cell at the 1st cycle can be attributed to the formation of the so-called solid 

electrolyte interphase and the possible trapping of Li+ in its defect and wrinkled sites.24 These 

observations align well with the microstructure characterization that the rGO-water exhibits a more 

pronounced wrinkled, defected and less graphitized structure compared to rGO-ethanol. Moreover, 

the electrochemical kinetic analysis shown in Figure 3c reveals the higher diffusion-controlled 

contribution of capacity in the rGO-water membrane-based cell (87% at 0.1 mV s–1) compared 
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with that in the rGO-ethanol membrane-based cell (72% at 0.1 mV s–1) (see Figures S8 and S9 for 

more information), agreeing well with the more obvious Li-ion intercalation observed in CV curve.  

To further understand the Li-ion intercalation behavior in the rGO-water membrane, we 

analyzed the charge-discharge curves at 0.01-3.0 V with a current density of 0.1 A g–1. As shown 

in Figure 3d, the discharge curve of the rGO-water membrane-based cell shows a plateau feature 

below 0.5 V while the discharge curve of the rGO-ethanol membrane-based cell shows no obvious 

plateau until the potential reaches below 0.25 V. We further plotted the differential capacity curves 

(dQ/dV) to allow the identification of the lithiation and de-lithiation peak. In comparison with the 

dQ/dV curve of the rGO-ethanol membrane-based cell, the dQ/dV curve of the rGO-water 

membrane-based cell shows a stronger peak at a higher intercalation potential (0.48 vs. 0.17 V), 

indicating a lower energy barrier for Li-ion intercalation (Figure S10). In addition, the voltage 

polarization between the lithiation and delithiation peaks indicates the kinetics of charging and 

discharging.25 Such a smaller value in rGO-water (0.47 V) further demonstrates the faster ion 

kinetics for Li-ion storage. We deemed that the presence of a more wrinkled structure in the rGO-

water and the smaller graphitized cluster size may account for the favorable Li-ion intercalation 

and the higher Li-storage capacity but severe irreversibility at the first cycle than that of the rGO-

ethanol. These electrochemical results further suggest the distinct nanotexture between the rGO-

water and rGO-ethanol membranes.  
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Figure 4. Characterization of the rGO membrane prepared from the solvent of different polarity. 

(a) The plot of dave as a function of the dielectric constant of the solvent (empty dots). The fit with 

dave ∝ ε0.5 (dashed curve). (b) XRD spectra. The plot of Lc (c) and dπ (d) as a function of the 

dielectric constant of the solvent. (e) The proposed mechanism for the solvent effect on the 

nanotexture formation of GO membrane reduced by HI. The increased dielectric constant of the 

solvent aggravates the unevenly distributed sheet interactions across the nanosheets, thus 

promoting wrinkling formation. 

Both the X-ray scattering measurement and electrochemical characterization demonstrate the 

significantly different interlayer nanotexture of rGO-water and rGO-ethanol membranes, 

suggesting the influence of the solvent on the nanotextural changes of GO membrane reduced by 

HI. We ascribe such kind of influences to the interaction between nanosheets which is altered by 

the solvent. In the realm of colloid and interface science, the typical Derjaguin-Landau-Verwey-

Overbeek (DLVO) theory has been demonstrated to be capable of capturing the interaction of 
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nanoscale building blocks, such as graphene, carbon nanotubes, and clay particles in a wide range 

of polar media.19,26,27 According to the theory, the interactions of two adjacent nanosheets are 

mainly determined by the attractive van der Waals (vdW) and repulsive electrical double-layer 

interactions. Many studies have demonstrated that these two types of interactions between the 

nanosheets are influenced by the surrounding solvent in terms of the polarity of the solvent 

(characterized by the dielectric constant, 𝜀).13,26 We thus hypothesize that such solvent effect on 

the nanotexture could be attributed to the polarity of the solvent.  

We perform the chemical reduction on solvents with different polarity by employing a series of 

solvents including a mixed solvent of water and ethanol with the volume ratio of ethanol in 0% 

(pure water), 25% (25% E), 50% (50% E), 75% (75% E) and 100% (pure ethanol), as well as pure 

acetone with varied dielectric constant ranging from 80.3 to 20.7 (Table S2). As shown in Figure 

4a, a gradual increase of the dave from 0.47 to 0.65 nm is observed with the increase of the dielectric 

constant of the solvent. This observation corresponds to the formation of a more loosely stacked 

structure in the as-prepared membranes. A decrease in sheet alignment is supported by the 2D 

scattering pattern (Figure S11) Meanwhile, the XRD patterns (Figure 4b) illustrate different 

graphitic stacking units formed in the membrane prepared from different solvents. As shown in 

Figures 4c and 4d, an increase in the dielectric constant of the solvent gives rise to a gradual 

decrease of the graphitic cluster size (Lc) and a decrease of spacing (dπ) therein. Such a monotonic 

relationship of the nanotexture with the dielectric constant of the solvent confirms that the solvent 

effect, to some extent, is related to the polarity of the solvent. 

Interestingly, we also find that the above relationships can be well described by the DLVO 

theory framework. Specifically, the ionization of functional groups (which is the main source of 

negative charges on GO nanosheets) leads to electrical double-layer repulsion between two GO 



 12 

nanosheets, resulting in their separation. The length scales of this repulsive force can be described 

by the Debye length (𝜅−1), which is scaled with the dielectric constant of the surrounding solvent 

(𝜀), 𝜅−1 ∝  𝜀0.5 (see Supplementary Notes 1). Such a relationship fits well with our results (dave ∝

 𝜀0.5) with the determination of coefficient (R2) > 0.925 (Figure 4a). This observation indicates 

that electrical double-layer repulsion is the dominant force in the increase of the interlayer distance 

of the rGO membrane reduced in solvents with higher polarity. Similar correlation behavior was 

also observed in previous studies on the equilibrium interlayer spacing of two adjacent GO 

nanosheets to the thickness of the repelling double layers.13,28 However, it should be noted that 

such linear relationships between the channel size and dielectric constant may not be applicable in 

other organic solvents when the dielectric constant is below a threshold and exceeds a certain value 

due to the change of the electrical double layer.25,29 

The observation that the rGO-water membrane has the most loosely stacked structures, 

compared to other samples, is somewhat surprising. This is because rGO nanosheets, known for 

their hydrophobic nature, are often expected to restack and graphitize more readily in high-polarity 

solvents due to the strong van der Waals interactions. A plausible reason could be the non-evenly 

distributed sheet interactions as a result of the chemical inhomogeneity of the rGO nanosheets. 

Notably, GO intrinsically contains multiple sites of sp2 (aromatic) and sp3 (aliphatic) hybridized 

carbon domains throughout the entire nanosheet.30,31 Although a gradual change in C/O is observed 

from the macroscopic level during the conversion of GO to rGO, a microscopically 

inhomogeneous chemical conversion occurs with the edge of the sp2 domain progressively 

propagating to the sp3 carbon matrix. As such, the resultant rGO nanosheets contain the mixed 

components of sp2- and sp3-hybridized carbon regions across the plane.30 The chemical differences 

enable two types of domains to be dominated by different interactions. As sketched in Figure 4e, 
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the graphene-like sp2 domain is more vulnerable to vdW attraction, which increases with 

increasing ε of the solvent (see Supplementary Notes 1 Notes 1). Hence, the reduction conducted 

in the higher polarity solvent promotes the aggregation of the sp2 regions of the nanosheets by 

enhancing the vdW interaction. This is consistent with the observed decrease in dπ in the 

graphitized clusters formed in higher polarity solvent (Figure 4d). Meanwhile, the oxygen-rich sp3 

regions on rGO nanosheets are found to be predominantly affected by electrical double-layer 

repulsion owing to the ionization of the carboxyl and hydroxyl groups. The increment of ε of 

solvent provides a more appropriate environment for ionizing the functional group and thickening 

the repulsive double-layer and therefore shows a growing repulsive interactive behavior. As such, 

increasing the solvent polarity could enhance both the attractive vdW interactions of the sp2 

domains and the repulsive electrical double-layer interactions of the sp3 domains. Such 

enhancement of the opposite interaction exerted in the different portions of the nanosheet largely 

account for the severe nanowrinkling formation and low-packing assembly in the rGO obtained in 

a highly polar solvent.  

While we have demonstrated a correlation between the dielectric constant of the solvent used in 

this experiment with the nanotexture formation of the rGO membrane, it is worth noting that other 

solvent effects, especially when water is involved, may also play a role. For example, the hydrogen 

bonding formed between the water-water and water- GO nanosheet,32 the role of dielectric constant 

in variability in ionic strength in different electrolyte and solvation layers around charged 

functional groups,33 the solvation forces originated from the arrangement of the solvent molecules 

near the graphene surface could co-contributes to the observed nanotextures.34 Desipte that our 

study underscores the primary role of solvent polarity in the nanotexture formation, further 
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investigations are needed to delve into the precise mechanisms of these additional interactions with 

water and their potential synergy with polarity-driven effects. 

Conclusion  

The solvent involved in wet-chemical processes notably influences the formation of 

nanotextures in 2D laminar membranes. Our investigation of HI-rGO membranes prepared from 

water, ethanol, and their mixtures revealed a correlation between the dielectric constant of the 

solvent and the extent of nanowrinkling of the membranes. This effect can be attributed to the 

enhanced discrepancies between repulsive interactions in oxygen-rich regions and attractive 

interactions in graphene-like regions on the nanosheets. Our study emphasizes the importance of 

considering solvent effects in future research and highlights the potential of solvent engineering 

as an effective strategy for controlling the structure of 2D laminar membranes. Given the 

increasing interest in tailoring the 2D nanochannel structure for applications involving the 

transport of ions, molecules, and electrons,35–37 such as water purification, energy storage, and 

flexible electronics, we hope that the solvent effect highlighted in this study will serve as a catalyst 

for further research into harnessing these "weak" non-covalent interactions to engineer the 

nanotexture of graphene and other 2D materials. 

 

EXPERIMENTAL METHODS  

Preparation of GO membranes. The graphite oxide used in this work was prepared from natural 

graphite (Sigma-Aldrich) by modified Hummer’s method.38 Then, the as-synthesized graphite 

oxide was suspended in water and dialysis to remove any remaining salt and acids. After 

purification, the graphite oxide was diluted to 0.5 mg mL-1 and then ultrasonicated using Branson 

Digital Sonifier (S450D, 450W, 30% amplitude) for 30 mins in the ice-water bath to obtain GO 
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dispersion. The GO membrane was made by filtration of 30 mL of the above GO dispersion on a 

polycarbonate (47 mm in diameter, 0.1 μm pore size) for 24 h to make a dried membrane. The as-

prepared GO membrane was then cut into small pieces with a diameter of 0.6 cm for the following 

reduction procedure.  

Preparation of solvent-mediated rGO membranes. GO membranes were placed in 3 mL solvent 

and immersed for 2 hours before reduction. This deliberate duration ensured sufficient time for the 

solvent including the mixed solvent to fully penetrate in GO flakes and facilitate uniform and 

complete wetting of the GO membrane.39 Then, 1.0 mL HI (47 wt.%) was added to the solvent. 

The reduction reaction was conducted at 40 °C for 24 h in an oven. After reduction, the rGO 

membrane was thoroughly washed with ethanol until the washed residue showed no colors to 

ensure that the by-products (I2 and HI) were removed. The resultant wet rGO membrane was then 

sandwiched by glass slides and placed in an oven at 40 ℃ for 24 hrs to yield a series of dry 

membranes named rGO-X (X represents the type of solvent used for reduction, i.e., rGO-ethanol). 

The dielectric constant (ε) of a mixed solvent can be estimated from the following equation:40 

ln(𝜀𝑚) = 𝜑1 ln(𝜀1) + 𝜑2 ln(𝜀2) 

in which, φ represents the volume fraction of a particular solvent.  

Characterization of solvent-mediated rGO membranes. The estimation of average interlayer 

spacing (dave) follows the literature previously reported:21 

𝑑𝑎𝑣𝑒 =
𝐴𝑟𝑒𝑎 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒

𝑃𝑎𝑐𝑘𝑖𝑛𝑔 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑟𝐺𝑂 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒𝑠
 

where the area density of graphene was 0.77 mg cm-2. 

The packing density of the membrane was determined by the mass-to-volume ratio. The mass of 

the membrane was measured by averaging the mass of four pieces of the membrane on balance 

(HR-250AZ). The volume of the membrane was calculated by its diameter and thickness. The 
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thickness is measured by averaging four pieces of a sample, each measured three times using an 

RS PRO micrometer.  

X-ray diffraction was performed on a Bruker D8 Advance diffractometer with Cu Kα radiation 

(λ = 1.5406 Å ). The sample was attached to the zero-background plate, and all parts were 

transferred to the sample holder for measurement. The scans were taken at a step size of 0.01° in 

the range of 5-35°. The analysis of XRD data followed our previous work to obtain the graphitized 

stacking height (Lc) using the following equation.41  

𝐿𝑐 =
0.89 𝜆

𝐹𝑊𝐻𝑀(2𝜃)𝑐𝑜𝑠𝜃
 

where FWHM(2θ) is the full width of half maximum of the diffraction peak.  

Raman spectroscopy was conducted on a Renishaw inVia Raman microscope using a 532 nm laser 

with a power of 1 mW. The peak deconvolution of the Raman spectra was based on the work 

reported by Claramunt et al. and Malard et al.23,42 The helium ion microscope was conducted on a 

Zeiss ORION NanoFab to probe the surface morphologies of the membranes. 

Synchrotron-based SAXS was conducted at Australia Synchrotron to measure the sheet alignment 

and morphology. The data were collected with the incident beam perpendicularly passing through 

the surface and the edge of the membrane. The beam was adjusted to 20 keV at a camera length of 

746 mm and 8.2 keV at a camera length of 7396 mm to probe the scattering vector (q) ranging 

from 2×10-3 Å-1 to 2 Å-1. The alignment of the nanosheets can be inferred from the orientation 

distribution coefficient, S, calculated by the following equation:22 

𝑆 =
1

2
(3〈𝑐𝑜𝑠2φ〉 − 1)       
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where 〈𝑐𝑜𝑠2φ〉 is the average cosine square weighted by the azimuthal intensity I(𝜑) from the 

scattering pattern: 

〈𝑐𝑜𝑠2φ〉 =
∫ 𝐼(φ)𝑐𝑜𝑠2φ 𝑠𝑖𝑛𝜑 𝑑𝜑

2𝜋

0

∫ 𝐼(φ) 𝑠𝑖𝑛𝜑 𝑑𝜑
2𝜋

0

         

A perfect alignment along the 𝜑 = 0°  and 90 °  directions corresponds to S = 1  and -0.5, 

respectively, and a completely random orientation corresponds to S = 0. All data processing was 

conducted on scatterbrain (V2.82) and the Irena/Nika package (V2.7) in the IgorPro8 

environment.43,44  

Electrochemical measurement. The solvent-mediated rGO membranes were pre-immersed in 1.0 

M electrolyte for 20 min under vacuum conditions and then transferred into the glovebox overnight 

to allow the electrolyte to fully permeate to the nanochannels. Then, the membranes were 

assembled into Li/MGM CR 2016 half coin-type cells in a glove box with Li foil as the counter 

electrode, Whatman@R GF/F glass microfibers (thickness of 0.42 mm) as the separator, and 100 µl 

of 1.0 M LiPF6 in a mixture of EC and EMC (1:1 v/v) (Sigma-Aldrich). Cyclic voltammetry was 

performed at scan rates of 0.1, 0.5, 1, 2, and 5 mV s-1 with each scan rate for 4 cycles. The 

galvanostatic charge-discharge (GCD) curves were taken on the LAND Battery Testing System 

(CT3001A) in the 0.05 -3.0 V range (vs. Li/Li+) at current densities of 50, 100, 200, 500, and 1000 

mA g–1, respectively. 

The differentiation of the capacitance contribution was conducted on CV curves according to 

Dunn’s method.45 This analysis allows us to distinguish and quantify the capacitance contribution 

from the capacitive process and diffusion-controlled process separately. This method is based on 

the knowledge that the current density 𝑖(𝑉)  at a given voltage is the sum of the capacitive 

contribution (𝑘1𝑣) and diffusion-controlled contribution (𝑘2𝑣0.5), expressed as 
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𝑖(𝑉) = 𝑘1𝑣 + 𝑘2𝑣0.5 

where 𝑘1  is the capacitive factor, 𝑘2  is the diffusion-controlled factor, and 𝑣  represents the 

scanning rate (mV s-1) for the measurement being conducted. 

By converting the questions to 

𝑖(𝑉)/𝑣0.5 = 𝑘1𝑣0.5 + 𝑘2 

𝑘1 and 𝑘2 at a given V can be extrapolated from the plot of 𝑖(𝑉)/𝑣0.5 vs. 𝑣0.5 as the slope and 

interception, respectively, via linear fitting. After that, the capacitive contribution of the current 

density at a specific V can be obtained by 𝑘1𝑣. For the following analysis, 500 voltage points are 

selected uniformly from the CV curve in the potential window of (-0.5 to 5 V) to extrapolate the 

capacitive contribution to the current density, and the corresponding enclosed area gives the non-

diffusion-controlled capacitance. 
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