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A B S T R A C T

Recent advances in membranes based on 2-dimensional (2D) materials have enabled precise control over 
angstrom-scale pores, providing a unique platform for studying diverse mass transport mechanisms. In this work, 
we systematically investigate the transport of solvent vapors through 2D channels made of graphene oxide (GO) 
laminates with precisely controlled oxygen content. Using in-situ chemical reduction of GO with vitamin C, we 
fabricated reduced GO membranes (VRGMs) with oxygen content systematically decreased from 31.6 % (pristine 
GO) to 24.0 % (VRGM-maximum reduction). Vapor permeability measurements showed a distinct correlation 
between oxygen functional groups and solvent transport behaviour. Specifically, non-polar hexane exhibits 114 
% of enhanced permeance through the reduced membranes with larger graphitic domains, while the permeance 
of water decreases by 55 %. With the support of density functional theory (DFT) simulations, we modelled the 
hydrogen-bond and dispersion complexes between the solvents and GO and calculated the complexation en
ergies. The simulation results suggest that polar molecules interact with the oxygen functional groups of GO via a 
hydrogen-bond network, supporting in-plane transport. In contrast, van der Waals forces drive the transport of 
low-polarity solvents along the graphitic domains of the 2D channel in reduced GO membranes. Our findings 
provide potential strategies for future design of organic solvent nanofiltration membranes.

1. Introduction

Graphene oxide (GO)-based membranes have been intensively 
investigated as a selective barrier in various molecular sieving applica
tions, including water purification [1–4], gas separation [5–9] and 
organic solvent nanofiltration (OSN) [10–13]. GO membranes (GOMs) 
are fabricated by layer-by-layer stacking of two-dimensional (2D) gra
phene oxide (GO) nanosheets, allowing mass transport through the 2D 
channels (interlayer spacing). It is well known that GO consists of pure 
graphitic and oxygen-functionalized graphitic regions[14–16], which 
contribute differently to the transport of molecules [17]. For example, 
the graphitic domains allow the frictionless movement of water 

molecules [18–20], and the oxygenated functional groups (such as hy
droxyl and epoxy) attract water molecules through hydrogen-bonding 
[21,22], leading to the expansion of GO interlayer spacing. In addi
tion, understanding the transport of organic solvents via GOMs has also 
attracted broad interest[23–25]. Several strategies, including reduction 
[26], crosslinking [27], intercalation [13] and functionalization [28], 
have been applied to modify the GO nanochannels. Intrinsically, the 
permeance of organic solvents depends on the solvent molecule’s 
properties and their interactions with the oxygen functional groups or 
graphitic domains on GOMs[29–32]. The oxygen content of GO may 
result in a variation of solvent-GO interactions, thus leading to a change 
in the molecular permeation rate[33–35]. Generally, polar solvents such 
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as water and ethanol can cause the expansion of GO nanochannels and 
the swelling of GOMs, leading to a high solvent permeation, and how
ever, compromising the molecular sieving capabilities. For non-polar 
solvents, the weak interactions between solvent molecules and nano
channels result in a lower permeation. In order to better investigate 
solvent transport behaviors, it is crucial to gain a deeper understanding 
of the correlations between the features of GO nanochannels and 
solvent-GO interactions. A systematic investigation that combines 
experimental observations and theoretical simulations to quantify this 
dependence and understand the underlying mechanism remains a sig
nificant knowledge gap.

In this study, we present the influence of oxygen content in GO on the 
solvent transport through GOMs. We have used an in-situ membrane- 
based chemical reduction using vitamin C (VC) to obtain precise control 
of oxygen content in GO while preserving the laminated structure during 
reduction processes. Based on our previous study, controlling the VC 
concentration in the feed solution enables precise control of the oxygen 
content (reduction degree) of GOMs and thus varies the interlayer 
spacing. As discussed in previous studies, the transport of solvent mol
ecules in GO membranes involves both in-plane (2D nanochannel) and 
out-of-plane (pinhole) pathways due to the laminated structure [16,36]. 
To specifically investigate in-plane solvent molecule diffusion through 
the 2D nanochannels, we fabricated the laminated membranes with a 
relatively high thickness by using high GO and rGO mass loadings to 
minimize diffusion through pinholes and ensure a more controlled study 
of mass transport [16]. We have used multiple sensitive characterization 
techniques to measure the oxygen contents of GOMs and VC-reduced GO 
membranes (VRGM) and conducted vapor transmembrane permeation 
experiments by using a setup with higher experimental sensitivity and 
precision to observe the effect of oxygen content variation on the solvent 
permeating through in GOMs and VRGMs. We performed density func
tional theory (DFT) simulations to further study our experimental ob
servations. The computational results provide significant insights into 
experimentally observed solvent transport phenomena, particularly by 
elucidating the molecular-level interplay between hydrogen-bonding 
and dispersion interactions, and how these affect permeance through 
pristine and reduced graphene oxide membranes (GOMs). This study 
enhances our understanding of solvent transport mechanisms in 2D 
capillaries and paves the way for advancements in organic solvent 
filtration-based applications using graphene oxide (GO)- based 
membranes.

2. Experimental

2.1. Membrane fabrication

Polyvinylidene fluoride (PVDF) substrates (0.2 μm pore size, 47 mm 
diameter) were purchased from the Sterlitech Co. Vitamin C (VC, L- 
ascorbic acid), chlorobenzene (CB), ethanol, acetone, dimethyl sulfoxide 
(DMSO) and n-hexane were purchased from Sigma-Aldrich Co. Gra
phene oxide (GO) was purchased from NiSiNa Materials Co. The com
plete procedure for the preparation of GOMs and VC-reduced GOMs 
(VRGM) is described in our earlier work [37]. For this study, GOMs were 
prepared with a GO mass loading of 0.16 mg/cm2 and VC concentrations 
of 0.005 mg/mL, 0.05 mg/mL, 0.5 mg/mL and 1 mg/mL, respectively, to 
make different sets of samples. VC solution was filtered through GOMs 
for 24 h, and the VRGMs that were obtained were dried in the air. Higher 
VC concentration in the feed solution can lead to a higher degree of 
reduction in the rGO membrane [37]. Accordingly, the samples in this 
work were named according to the membrane reduction degree based 
on the VC concentrations of the feed solutions. VRGM-Low, Medium, 
High and Max represent the VC-reduced GO membranes (VRGMs) pre
pared with 0.005 mg/mL, 0.05 mg/mL, 0.5 mg/mL and 1 mg/mL of VC 
used in the feed solutions. The schematic illustration of the chemical 
reduction of GOMs with VC is shown in Fig. S1.

2.2. Materials characterizations

Various analytical techniques were used to characterise the GOMs 
and VRGMs, including Fourier transform infrared spectroscopy (FT-IR), 
X-ray photoelectron spectroscopy (XPS), solid-state nuclear magnetic 
resonance (ss-NMR), scanning electron microscopy (SEM), transmission 
electron microscope (TEM), contact angle measurement, X-ray diffrac
tion (XRD) and Raman spectroscopy. A detailed description of these 
methods is given in our previous work [37]. More importantly, the 
solid-state NMR was used in this study to investigate the chemical 
environment of carbon atoms via a Vega-400 MHz Bruker Neo NMR 
system.

2.3. Vapor permeation measurement

Vapor transmembrane permeation experiments were conducted 
using a customised setup consisting of a glass container with a 16 mm 
diameter aperture on a chemically resistant lid. In our typical procedure, 
the glass container is initially filled with 10 mL of deionized water or 
organic solvents. The GOM or VRGM is precisely cut to cover the 
aperture and sealed with epoxy glue. The container and lid are also 
sealed with epoxy glue to ensure a leakproof system. The effective 
membrane area that allows permeation is determined using ImageJ 
software. A schematic illustration is shown in Fig. S2. The container with 
solvent and membrane is placed on a highly sensitive computer- 
controlled weighing scale for precise weight loss measurements. The 
complete setup is placed in an airbag and continuously filled with ni
trogen to maintain a stable, low-humidity environment.

3. Results and discussion

Before the solvent vapor permeation analysis, we study the oxygen 
content and structural properties of GO and rGO. GOMs were prepared 
with a GO mass loading of 0.16 mg/cm2 and VC concentrations from 
0.005 mg/mL to 1 mg/mL, leading to different reduction degrees [26,
37]. As detailed in the experimental section, samples were named 
VRGM-Low, Medium, High, and Max based on VC concentrations.

3.1. Chemical analysis

We systematically investigated the oxygen content in GO and the 
effect of reduction via vitamin C from a chemical analysis point of view. 
The FT-IR spectra of free-standing GO membranes (GOM) and vitamin C- 
reduced GO membranes (VRGMs) are shown in Fig. 1a. The peaks at 
approximately 3200 cm− 1, 1725 cm− 1, 1620 cm− 1, 1410 cm− 1, 1320 
cm− 1, 1220 cm− 1 and 1037 cm− 1 correspond to O–H stretching from 
water, C=O stretching from carboxyl groups, C=C stretching from sp2- 
domains, O–H bending from carboxylic acids, C–H bending from al
kanes, C–O–C stretching from epoxy groups, and C–O stretching from 
alcohols, respectively [38]. We observed that as the concentration of 
vitamin C increases, the intensities of O–H, C=O, and C–O–C bonds 
decrease significantly while the intensities of C=C and C–H bonds in
crease. Notably, compared to GOM, the O–H peak intensity of 
VRGM-Low decreased slightly, whereas the intensities of VRGM-Med, 
VRGM-High and VRGM-Max are reduced to a significantly low level, 
indicating that higher VC concentration in feed solutions can lead to a 
more significant removal of hydroxyl groups. In addition, similar trends 
in C=O and C–O–C removal can also be observed in the spectra. Here, 
intensities of C=C peaks increase with the addition of VC concentra
tions, indicating the restoration of sp2 carbon in VRGMs.

We analysed the changes in oxygen content and chemical bonding on 
GOM and VRGMs using high-resolution XPS and survey scans. Our re
sults show that with the addition of VC, the oxygen content decreases 
from 31.6 % for pure GOM (C/O ratio of 2.16) to 24.0 % for VRGM-Max 
(C/O ratio of 3.16). Here, VRGM-Max represents the highest reduction 
degree with the lowest oxygen content that can be obtained under this 
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specific membrane-based chemical reduction method. Fig. 1b demon
strates the change in the atomic percentage of chemical bonds in GOM 
and VRGMs. Black and red legends represent the data extracted from C1s 
and O1s, respectively. Based on C1s spectra, with higher VC concen
tration, the C–C/C=C bonds show a general increase from 48.42 % of 
GOM to 61.20 % of VRGM-Max, while the C–O bonds show a decrease 
from 40.06 % to 25.16 %. According to O1s spectra, the C–O bond 
content for pure GOM is 83.94 %, however, with the increase of VC 
concentrations, it decreases from 73.36 % of VRGM-Low to 64.35 % of 
VRGM-Max. In contrast, the atomic percentage of the C=O bond shows a 
significant increase from 16.05 % for pure GOM to 35.64 % for VRGM- 
Max. The high-resolution XPS C1s and O1s spectra are shown in Fig. S3a 
and S3b, and the detailed data sheet is shown in Table S3. The binding 
energy shift in XPS spectra also provides important information. In C1s 
spectra, we observed that the C–O peak shifts slightly from 286.2 eV to 
286.4 eV as the oxygen content decreases with increasing VC concen
tration, while the C–C/C=C and C=O peaks show no significant changes. 
In the O1s spectra, the C–O peak shifts from 532.3 eV to 532.9 eV, and 

the C=O peak shifts from 531.0 eV to 531.8 eV with the same VC 
addition. The binding energy shift in C1s could be negligible. Mean
while, in O1s spectra, the C–O peak and C=O peak shifts to a higher 
binding energy. This could result from changes in the surrounding 
chemical environment, especially the removal of nearby electron- 
donating oxygen functional groups during the reduction process. 
These observations support the view that the remaining oxygen atoms 
are in a more electron-deficient, and more graphitized environment.

We used the ss-NMR technique to confirm further the decrease in 
oxygen content and the transformation of the chemical environment 
during the reduction process. The ss-NMR spectra of GOM and VRGM- 
Max are shown in Fig. 1c. The peaks at 61 ppm, 70 ppm, 110 ppm, 
130 ppm, 167 ppm and 191 ppm, represent the C–O–C from epoxy rings, 
C–OH from hydroxyl groups, O–C–O from lactols, graphitic sp2-hy
bridized carbons, O=C–O from acid/esters and C=O from ketones, 
respectively [39]. In the NMR spectrum for VRGM-Max, the distinct 
peak at 119 ppm represents the aromatic carbon. The significant 
reduction of oxygenated carbon peaks suggests the reduction of oxidized 
carbon functional groups. The signal of the aromatic carbons in GOM 
has the expected chemical shift of ~130 ppm, and for the VRGM-Max 
the aromatic peak position is shifted significantly to lower chemical 
shifts of ~119 ppm. The reduced chemical shift of the aromatic carbon 
peak is consistent with the formation of large-scale condensed aromatic 
ring structures and demonstrates the reduction of the GO into a 
graphene-like structure [40].

3.2. Surface and material structure

We have observed that the VRGMs maintain their laminated struc
ture by using SEM. Fig. 2a and b and S4a-c demonstrate the surface 
morphology of GOM and VRGMs. It can be seen that GOM exhibits a 
typical smooth surface, while aggregated wrinkles are present on the 
surface of VRGMs. In VRGM-Low, the size of the wrinkles is relatively 
small, and it significantly increased in VRGM-Med and VRGM-High. 
Fig. 2c and d and Figure S4d-f show the cross-sectional morphology of 
GOM and VRGMs. All membranes exhibit a well-defined layered struc
ture. Also, it’s interesting to see that the thickness of membranes grad
ually decreases from 583 nm (as observed in SEM) for pure GOM to 234 
nm of VRGM-Max after reduction with the same GO loading amount. 
This reduction in thickness is due to the removal of functional groups of 
GO, which decreases the interlayer spacing, resulting in thinner mem
branes. The HRTEM images (Fig. 2e and f for GO and VRGM-Max) 
exhibit a flat sheet morphology that remains unchanged after the 
membrane-based reduction processes. The hexagonal spots and rings 
observed in Fast Fourier Transform (FFT) patterns demonstrate the 
presence of layered GO, ordered graphitic domains (for VRGM-Max) and 
disordered oxygen functional group regions [41,42]. As seen in the 
magnified HRTEM images of GO and VRGM-Max (in Fig. 2g and h), the 
lower and higher contrast areas represent graphitic domains and oxygen 
functional group regions, respectively [15,43]. Comparing GO with 
VRGM-Max (10 nm × 10 nm) reveals that VRGM-Max exhibits a larger 
and more ordered graphitic domain area. This enlargement can be the 
restoration of sp2 carbon after chemical reduction.

Fig. 3a presents the XRD patterns of the GOM and VRGMs in a dry 
state. For GOM, a distinct diffraction peak appears at 9.9◦ (d = 8.9 Å), 
corresponding to the (001) reflection plane [44]. The sharp and strong 
(001) signal indicates a highly ordered laminated structure of GOM. 
With the addition of VC, the (001) peaks of VRGMs shift to higher 2θ 
values, accompanied by a noticeable increase of full width at half 
maximum (FWHM). The (001) peaks of VRGM-Low, VRGM-Med and 
VRGM-High are located at 10.79◦ (d = 8.2 Å), 11.97◦ (d = 7.4 Å), and 
12.07◦ (d = 7.3 Å), respectively. The higher FWHM of the (001) peak 
represents the less ordered structure in VRGMs. Notably, the (001) peak 
of VRGM-Max shifts to approximately 23◦ (d = 3.9 Å) with a signifi
cantly large FWHM, indicating substantial removal of oxygen functional 
groups [45,46]. VRGM-Max exhibits the smallest interlayer spacing and 

Fig. 1. Chemical analysis of the GOM and VRGMs. (a) Standardized FT-IR 
spectra of free-standing GOM and VRGMs. The vertical black dash lines indi
cate the peak position of O–H (~3200 cm− 1 and ~1410 cm− 1), C=O (~1725 
cm− 1), C=C (1620 cm− 1), C–H (~1320 cm− 1) and C–O–C (~1220 cm− 1) 
groups. (b) The variation of carbon (C1s) and oxygen (O1s) contents in atomic 
percentage with VC concentration of GOM and VRGMs.The blue arrow in
dicates the magnified image within the range of VC concentration from 0 to 0.1 
mg/mL (c) 13C ss-NMR spectrum of GOM and VRGM-Max. The vertical red lines 
indicate the peak position of various carbon-carbon and carbon-oxygen bonds. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)

H. Chen et al.                                                                                                                                                                                                                                    Carbon 243 (2025) 120539 

3 



the most disordered laminated structure among all membranes. It 
should be noted that during the VC reduction process, both types of 
disorder are present: chemical disorder resulting from the mild chemical 
reduction and the partial and random removal of oxygen-containing 
functional groups, and physical disorder due to changes in the mem
brane structure, such as wrinkling and collapse of the laminated struc
ture. It is also worth noting that the value of interlayer spacing obtained 
from XRD patterns only represents the average and the most significant 
interlayer spacing of the membrane. These results reveal the removal of 
oxygen functional groups on GOMs after VC addition, which is further 
confirmed by the change of membrane hydrophilicity via contact angle 
measurements (Fig. S5). Fig. 3b shows the membrane’s XRD d-spacing 
and water contact angle with VC concentrations, revealing that the 
variation of membrane hydrophilicity and interlayer spacing is closely 
correlated with the reduction degree. The higher reduction rate of GO 

leads to lower membrane hydrophilicity, which is consistent with the 
study reported by Eda et al. [47]. The highest contact angle of 
VRGM-Max indicates its lowest hydrophilicity among all the mem
branes. The surface properties could also provide an insight into the 
chemical properties of the interlayer space and might offer information 
about how surface chemistry influences the behaviour of solvents within 
the nanochannels. To understand the swelling effect, we investigated the 
interaction of polar and non-polar solvents with the laminated structure 
of GOM and the highly reduced VRGM (VRGM-Max) using XRD analysis. 
Fig. S6a shows the (001) peak of GOM in different states: dry (2θ = 9.9◦, 
d = 8.9 Å), water-wetted (2θ = 6.6◦, d = 13.4 Å) and hexane-wetted (2θ 
= 9.7◦, d = 8.3 Å). GOM exhibits significant swelling in water, 
increasing its d-spacing, while hexane causes negligible swelling with no 
significant change in d-spacing. Fig. S6b shows the XRD patterns of 
VRGM-Max in a dry, water-soaked and hexane-soaked state. The results 
indicate that XRD VRGM-Max membranes maintain their structure 
without detectable changes upon exposure to these solvents.

We used Raman spectroscopy to analyze the structure of GOM and 
VRGMs further and investigate the degree of disorder in prepared 
membranes. Fig. 3c–g and Fig. S7 show the Raman spectra of GOM and 
VRGMs. As illustrated in Fig. S7, the Raman spectra of all membranes 
exhibit characteristic D, G, 2D and D + G bands associated with GO- 
based materials [26]. D-band is located at around 1344 cm− 1 and 
G-band at around 1604 cm− 1. The D-band corresponds to the sp3-hy
bridized carbon and disorder crystalline structure, while the G-band 
represents the sp2-hybridized carbon in graphene-based materials [48]. 
Additionally, the 2D-band and D + G band located at 2706 cm− 1 and 
2919 cm− 1, respectively, correspond to layered stacking of GO based 
sheets [49]. We further analysed the Raman spectra to gain deeper 
insight into the molecular structure. The intensity ratio of the D-band to 
the G-band (ID/IG) is used to evaluate variations in boundaries, defects, 
and edges in GOM and VRGMs. The Raman spectrum of GOM and 
VRGMs in the first order was deconvoluted using four Lorentzian func
tions (D*, D, G, D′) and one Gaussian function (D″). The detailed fitting 
parameters are shown in Table S4. Herein, we use AD’’, calculated using 
the integral area of peak D″ divided by the total integral area of fitted 
spectra. Sadezky et al. have suggested that the value of AD” may indicate 
the degree of short-range order in carbon-based materials at a molecular 
level [50]. The variation in ID/IG ratio and the value of AD’’ with VC 
concentrations is shown in Fig. 3h. We observed that the reduction of 
GOM to VRGM results in the increase of ID/IG ratios and, at the same 
time, a significant decrease in the value of AD’’. Cao et al. suggest that 
this occurs due to the enlarged graphitic domains on the rGO surface and 
the formation of smaller rGO sheets with boundaries and edges after 
reduction [51]. This observation is consistent with the XRD and contact 
angle analysis results, as discussed above.

Our overall analysis shows that our membranes have well-defined 
controlled graphitic domains and oxygen functional groups, making 
them suitable for studying solvent permeation.

3.3. Vapor permeation

We investigated the solvent transport properties of GO membranes 
(GOMs) and variably reduced graphene-based membranes (VGRMs). By 
precisely controlling the reduction process of VGRMs, we modulated the 
ratio of graphitic domains and oxygen-containing functional groups, 
enabling a systematic evaluation of their influence on solvent per
meance. As described in the experimental section, we continuously 
monitored the weight loss of selected solvents in a sealed container as 
they permeated through GOMs and VGRMs in vapor form. In these ex
periments, we tested the permeation of six solvents with varying polarity 
indexes, including water, ethanol, DMSO, acetone, chlorobenzene, and 
hexane. The polarity index of the selected solvents is shown in Supple
mentary Note 1. The weight loss due to vapor permeating through the 
membrane was recorded regularly. Permeance (P), which is an intrinsic 
property of a specific membrane for a particular gas or vapor, is given by 

Fig. 2. Microscopy analysis of GOM and VRGMs. (a–b) SEM surface images 
of GOM (a) and VRGM-Max (b). (c-d) SEM cross-sectional images of GOM (c) 
and VRGM-Max (d). (e–h) HRTEM images of GO (e) and VRGM-Max (f) with 
insets of fast Fourier transform (FFT). Magnified HRTEM images of GO (g) and 
VRGM-Max (h).
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Refs. [54,55]: 

P =
W

tAm(ps − pa)
(1) 

Where W is the weight loss of a specific solution (μmol), t is the duration 
of the experiment (h), Am is the effective membrane area (mm2), 
measured by ImageJ (Supplementary Note 1). ps is the solvent saturated 
vapor pressure (in bar). The saturated vapor pressures of different sol
vents are listed in Table S1; pa is the atmospheric pressure of the airbag 
(bar) used during the weight loss measurement. Here, the solvent 
transport in GO-based laminated membranes follows Fick’s law of 
diffusion via a tortuous layer-by-layer pathways [36]. Accordingly, the 
effect of membrane thickness on vapor permeance is primarily deter
mined by the number of layers. Although the overall membrane thick
ness decreases from ~583 nm (GOM) to ~234 nm (VRGM-Max), the 
number of GO layers remains similar due to the corresponding reduction 
in interlayer spacing from 8.9 Å to 3.9 Å. This indicates that the vertical 
diffusion pathway, governed by the number of 2D nanochannels, re
mains largely intact. Additionally, since the laminated structure is 
maintained during the in-situ VC reduction process, the in-plane trans
port pathways also remain unchanged. Therefore, we do not attribute 
the changes in vapor permeance to the membrane thickness.

The selected solvents exhibit different permeation behaviours in 
GOMs and VGRMs. When GOMs were progressively reduced to VGRM- 
Med, and VGRM-Max, the membrane permeance of high polarity sol
vents (water, ethanol and DMSO) decreased significantly (Fig. 4a–c), 
consistent with previous studies [29,33]. In contrast, acetone, 

chlorobenzene and hexane exhibit opposite trends when permeating 
through GOMs and VRGMs, as shown in Fig. 4d–f. Hexane has a much 
higher permeance in VGRM-Max compared with GOMs. The permeance 
of solvents via GOMs and VGRMs is summarised in Fig. 4g, showing an 
overall downward trend from the high to low polarity index. We further 
analysed the relationship between the oxygen content of the membranes 
and the permeance of various solvents (Fig. 4h). In particular, the per
meance of water dramatically decreases as the oxygen functionalities 
are removed from GOMs, dropping from 1.19 μmol/h/mm2/kPa of GOM 
to 0.65 μmol/h/mm2/kPa of VRGM-Max, which is 55 %. This observa
tion indicates that oxygen groups are crucial in facilitating the transport 
of high-polarity solvents through the membranes.

In the case of reduced graphene oxide, the possible interaction be
tween high-polarity solvent molecules and the 2D channels will be less 
due to the missing functional groups. In this scenario, these solvent 
molecules are more likely to interact among themselves due to the na
ture of hydrogen-bond networks and dipole-dipole interactions. This 
interaction will result in the formation of solvent molecule clusters 
within the capillaries and hinder the mass transport thus resulting in the 
lower permeance of high polarity solvents [21,30,33]. The solvent 
molecules with low polarity (e.g., acetone, chlorobenzene and hexane) 
primarily interact with the graphitic regions on the GOMs via van der 
Waals forces. Removing functionalities increased the content of 
graphitic domains, further enhancing the frictionless movements of 
low-polarity solvent molecules and resulting in much higher permeance 
[36,56]. For example, the permeance of hexane increases from 0.0042 
μmol/h/mm2/kPa of GOM to 0.009 μmol/h/mm2/kPa of VRGM-Max 

Fig. 3. Structural analysis of GOM and VRGMs. (a) XRD patterns of GOM and VRGMs within 2θ range from 18◦ to 30◦. The inset illustrates the high-resolution 
patterns of (002) peaks. (b) Variation of d-spacing and water contact angle with VC concentration. (c–g) Raman spectra of GOM (c), VRGM-Low (d), VRGM-Med (e), 
VRGM-High (f) and VRGM-Max (g) and the fitting of the spectra. The fitted peaks are using four Lorentzian functions for D* (~1180 cm− 1), D (~1350 cm− 1), G 
(~1590 cm− 1), D′ (~1620 cm− 1) and Gaussian function for D’’ (~1490 cm− 1) [52,53]. The detailed fitting parameters are shown in Table S4. (h) Variation of 
intensity ratio between peak D & G (ID/IG) and the value of AD’’ with VC concentration. AD’’ is calculated using the integral area of peak D″ divided by the total 
integral area of fitted spectra.

H. Chen et al.                                                                                                                                                                                                                                    Carbon 243 (2025) 120539 

5 



(increase of 114 %).

3.4. DFT analysis of solvent-GO interactions

Density functional theory (DFT) calculations using the PW6B95- 
D3BJ/def2-QZVPP level of theory were performed to gain mechanistic 
insights into the experimental findings (see Computational Details Sec
tion in the Supplementary Note 8)[57–59]. The PW6B95 hybrid-meta 
generalized gradient approximation (GGA) exchange-correlation func
tional has been extensively benchmarked and found to provide excellent 
performance for thermochemistry, kinetics, and non-covalent in
teractions[60–68]. For full computational details, see the Supplemen
tary Information. The experimental results indicate that as the GOM is 
reduced, i.e., there is a decrease in oxygen functional groups and an 
increase in the size of graphitic domains, the permeance of polar sol
vents that are able to act as a hydrogen-bond donor or acceptor (like 
water, ethanol, and DMSO) through the membrane decreases, while the 
permeance of non-polar solvents (like hexane and chlorobenzene) and 
acetone increases. These solvents can be divided into three classes. First, 
hydrocarbon-based solvents without OH and C=O functional groups 
that primarily interact with the graphitic domains via dispersion in
teractions, namely hexane and chlorobenzene. Second, organic solvents 
that can interact with both the graphitic domains via dispersion in
teractions and with the GO oxygen functional groups via H-bonding, 
namely ethanol, acetone, and DMSO. Third, one solvent that can pri
marily interact with the GO oxygen functional groups via H-bonding, 
namely water.

Fig. 5 displays the complexes between the solvents (water, ethanol, 
acetone, DMSO, chlorobenzene, and n-hexane) and the graphene-oxide 
models of epoxy and hydroxyl groups as well as the graphitic regions. 
Table 1 gives the PW6B95-D3BJ/def2-QZVPP interaction enthalpies 
(ΔHint,298) at 298 K for the complexes in Fig. 5. Let us begin with 
examining the dispersion interactions between the various solvents and 
the graphitic domains of GO (Fig. 5a and Table 1). The two solvents that 
exhibit significantly increased permeance with the increased availability 
of graphitic domains (hexane and chlorobenzene) exhibit significantly 
stronger dispersion interactions with the graphene flake (C54H18). In 
particular, we obtain ΔHint,298 = − 52.4 (hexane) and − 49.4 (chloro
benzene) kJ mol− 1, compared to interaction energies ranging between 
− 18.3 and − 35.5 kJ mol− 1 for the polar solvents. These results are in 
line with the experimental results, which demonstrate that hexane and 
chlorobenzene exhibit the most significant increase in permeance when 
moving from GOM to VRGM-Max (Fig. 4).

Let us move to considering water and ethanol that have hydrogen- 
bond donating capabilities due to the presence of an OH group. These 
are the only solvents that can interact with both the GO-epoxy and GO- 
hydroxyl groups. The strength of the hydrogen-bond between water and 
GO is − 13.8 (epoxy oxygen) and − 19.8 (hydroxyl oxygen) kJ mol− 1. 
These H-bond energies, despite being relatively small, are much larger 
than any possible London dispersion interactions with the graphitic re
gions of GO. Therefore, it is no surprise that the permeance of water 
decreases sharply when moving from GOM to VRGM-Max (Fig. 4). On 
the other hand, ethanol can interact with the epoxy oxygen, hydroxyl 
oxygen, and graphitic regions of GO. Table 1 reveals that the following 

Fig. 4. Vapor permeation analysis. (a–f) Vapor permeation of water (a), ethanol (b), DMSO (c), acetone (d), CB (e), and hexane (f) through GOM, VRGM-Med and 
VRGM-Max. The short dash line is a guide to the eye. (g) The permeance of various organic solvents through GOM, VRGM-Med and VRGM-Max with solvent polarity 
Permeance (P) is calculated by equation (1); the polarity and saturated vapor pressure (ps) of solvents are shown in Table S1, and pa is measured pressure. (h) The 
permeance of different organic solvents through GOM, VRGM-Med and VRGM-Max as a function of oxygen content. The detailed data is shown in Table S2. The error 
bars are denoted by standard deviation.
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Fig. 5. Hydrogen-bond and dispersion complexes between the solvents considered in the present work and models of GO: (a) graphitic regions of GO, (b) 
GO-hydroxyl, and (c) GO-epoxy. Hydrogen-bonds are shown as dashed lines and hydrogen-bond distances are given in Å. Atomic color scheme: H, white; C, grey; O, 
red; S, yellow; for clarity the capping hydrogens of the GO model are removed. ΔHint,298 represents hydrogen-bond enthalpies. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.)
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trend in terms of the magnitude of these interactions: GO-hydroxyl 
(− 36.9 kJ mol− 1) > GO-epoxy oxygen (− 29.0 kJ mol− 1) ≫ GO- 
graphitic (− 18.3 kJ mol− 1). Therefore, like water, ethanol exhibits the 
same trend in decreased permeance when moving from GOM to VRGM- 
max (Fig. 4).

Finally, let us consider the solvents (DMSO and acetone) that can 
interact with the GO-hydroxyl groups and graphitic domains, but not 
with the GO-epoxy groups (Fig. 5a–b). Both DMSO and acetone form 
very strong H-bonds with the GO-hydroxyl group, specifically, ΔHint,298 
= − 48.8 and − 48.1 kJ mol− 1, respectively (Table 1). It should be noted 
that these strong interactions reflect both H-bond and dispersion in
teractions with GO. These interaction enthalpies are considerably 
stronger than the dispersion interactions with the graphitic domains of 
GO, which amount to − 35.5 and − 31.4 kJ mol− 1 for DMSO and acetone, 
respectively. These computational results are consistent with the 
experimental results for DMSO where there is a sharp decrease in per
meance when moving from GOM to either VRGM-med or VRGM-Max 
(Fig. 4). For acetone, however, the opposite experimental trend is 
observed (i.e., increased permeance upon reduction). This suggests that 
while the computational results confirm acetone’s capability for strong 
hydrogen-bonding, its net transport behavior in the reduced membranes 
is ultimately more influenced by enhanced dispersion interactions. This 
highlights the complex interplay between dispersion and H-bonding 
interactions in determining overall solvent transport.

Overall, the DFT calculations provide strong mechanistic support at 
the molecular level for the experimental observations. Demonstrating 
the key roles and intricate interplay between dispersion and H-bonding 
interactions in determining overall solvent transport through pristine 
and reduced GO membranes.

4. Conclusions

We investigated the in-plane transport behaviors of polar and non- 
polar solvents for GO membranes (GOMs) and vitamin C-reduced GO 
membranes (VRGMs). We observed that the hydrogen-bond network 
and van der Waals force interactions influence solvent vapor transport in 
GO-based 2D channels through the regions with oxygen functional 
groups and graphitic domains, respectively. The structural and chemical 
analysis, as well as permeation studies, indicate that high-polarity sol
vent molecules interact with oxygen functional groups through 
hydrogen-bonding networks. However, the movement of low-polarity 
solvents is primarily driven by van der Waals forces in the graphitic 
regions. Our work highlights the importance of controlling oxygen 
content in GOMs to optimise transport properties. Our findings are 
primarily focused on understanding the fundamental interaction be
tween solvents and GO-based membranes through vapor transport 
behaviour. We believe these insights provide a foundation for the future 
design of 2D laminated membranes for specific separation applications. 
This work also highlights the promising characteristics of 2D laminated 

membranes, making them attractive candidates for filtration technolo
gies. Beyond this fundamental investigation, further studies on tem
perature- and pressure-dependent permeation, fully reduced GO 
membranes with near-zero oxygen content, as well as mixed-solvent 
systems, can be conducted to enhance the understanding of complex 
vapor permeation systems and promote the development of high- 
performance OSN membranes.
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[43] D. Pacilé, J.C. Meyer, A. Fraile Rodríguez, M. Papagno, C. Gómez-Navarro, R. 
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