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Abstract	

Hydration of a multi-layered graphene oxide (GO) paper in water vapor atmosphere was 

studied by in-situ X-ray scattering over a wide range of relative humidity (RH). The 

intercalation of water molecules physically adsorbed between GO layers induces the 

expansion of the interlayer distance. Two regimes of adsorption are clearly evidenced 

according to the variation of the interlayer distance as a function of the relative humidity. The 

expansion of the interlayer distance is limited to ~1 Å for RH ranging from 6 to 53%, whereas 

it is ~3.5 Å for RH 75 to 100%. The hydration mechanism corresponds to the progressive 

adsorption of water molecules onto hydrophilic sites at the surface of GO layers in the low-

RH regime, then an additional water monolayer is formed in the high-RH regime.  
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1. Introduction 

Unexpected physical properties are observed when molecules are confined in nanoscale 

environments. One of the most blatant examples is probably the tremendously enhanced water 

transport in carbon nanostructures. Ultra-fast water transport has been revealed in 

hydrophobic carbon nanostructures, either inside carbon nanotubes or through nanopores 

created on a graphene sheet [1-4]. Contrariwise, graphene oxide (GO) is a hydrophilic 

nanoporous material in which water can easily adsorb between layers [5,6]. Water molecules 

can permeate through interconnected nanochannels formed in-between GO layers, with a 

nearly frictionless motion over the non-oxidized surfaces [7-9]. Based on the permeation 

properties of water, free-standing GO membranes [10] are now considered as possible new 

materials for outperforming current technologies for water purification [11-13], molecular 

sieving [14,15] or humidity sensing [16].  

Although several models are proposed to describe the complex and defective GO structure 

[17], the most accepted structural model (Lerf-Klinowski model [18]) defines	graphene oxide 

as a non-stoichiometric material. A GO sheet is a graphene sheet covered randomly with 

oxidized functional groups (OFGs), namely, epoxide and hydroxyl groups attached to the 

basal plane and carbonyl or carboxyl groups at the sheet edges, together with residual non-

functionalized graphitic areas. For stacked GO sheets, the presence of OFGs leads to an 

expansion of the spacing between layers, from 3.35 Å in pristine graphite to an interlayer 

distance value d ~ 5.9 to 6.7 Å in GO assemblies [19]. It also imparts swelling properties to 

the material. By analogy with swelling clays [20], the interlayer distance can be further 

increased by crystalline swelling, up to ~ 12.5 Å, according to the degree of hydration of the 

material [5,6,21-25]. However, it was pointed out by several authors [5,23,26] that the degree 

of hydration in GO is strongly dependent on the sample preparation method. The method of 

synthesis (Brodie, Staudenmaier or Hummers’ methods [17]), the sample shaping (powder, 
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paper or membrane) or the hydration protocol (saturated water vapor atmosphere vs. 

immersion in liquid water) lead to variations in the resulting interlayer distance, as illustrated 

in table S1. In the present work, we focus on the crystalline swelling of a GO paper obtained 

by Hummers’ method in water vapor atmosphere. 

The expansion of the interlayer distance d during hydration is directly related to the 

adsorption of water molecules intercalated in-between the regularly stacked GO layers. 

Several mechanisms of adsorption have been proposed in previous studies, taking into 

account the maximum value dmax after complete hydration or how the distance d changes as a 

function of relative humidity. However, even for the same dmax measured, description of the 

hydration mechanism can notably differ. For instance, Cerveny et al. [27] attributed the 

expansion of the interlayer distance to the uptake of a water monolayer whereas Liu et al. [25] 

recently suggested the presence of two layers of water. Furthermore, an interstratification 

model in which empty interlayer spaces are filled by a variable number of water monolayers 

was proposed [5,21,28], while hydration process in water vapor phase was explained by a 

continuous incorporation of water molecules which changes gradually the thickness of GO 

layers [22]. Obviously, a complete view of the hydration mechanism involved is still missing. 

The aim of the present work is to detail the hydration mechanism in a GO paper in water gas 

atmosphere. A particular attention has been paid to the experimental method used for the 

study. In-situ measurements were performed with a single sample in a dedicated X-ray 

humidity-controlled chamber. Variation of the interlayer distance was measured as a function 

of RH ranging from 0 to 100%, and the reversibility of the swelling process was checked at 

each RH step. Finally, the small number of layers (four layers) stacked in GO assemblies 

allowed controlling a homogeneous hydration. Two regimes of adsorption have been clearly 

evidenced, a low-RH regime corresponding to localized adsorption of water molecules onto 

the surface of GO layers, and a high-RH regime reflecting the additional formation of a water 
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monolayer which is more likely to contribute to the water transport properties in graphene 

oxide.   

 

2. Experimental  

2.1 Sample preparation 

A dispersion of graphene oxide was prepared from graphite flakes (flake size > 100 mesh, 

Sigma-Aldrich, ref. 332461) using a modified Hummers’ method by oxidation with NaNO3, 

H2SO4 and KMnO4 as reported earlier [29]. The obtained graphite oxide was dispersed in 

distilled water, ultrasonicated and centrifuged, resulting in an aqueous dispersion of exfoliated 

graphene oxide. For preparation of freestanding flexible GO papers, 500 mL of the aqueous 

GO dispersion, with a concentration of 0.15 mg ml-1, was filtered through an Isopore filter (ϕ 

47 mm, pore size 1.2 µm) by a vacuum directed vacuum flow, during which GO sheets form 

assemblies of a few layers with periodic stacking. The obtained paper with thickness of 20 µm 

is made of GO assemblies. The GO paper was rinsed with water and dried overnight before 

being peeled off from the filter. The physico-chemical properties of the GO paper were fully 

characterized in ref.[30], with a C:O ratio of 4.8 calculated from XPS analysis. In this work, 

we used a single piece of 20µm-thick GO paper with a size of 4x2 mm2 approximatively.  

 

2.2 X-ray controlled humidity chamber	

In-situ X-ray scattering (XRS) measurements were carried out with a monochromatized X-ray 

beam delivered by a molybdenum rotating anode generator (λ = 0.711 Å, Rigaku HU3R, 

40kV-40mA) coupled with a multilayer W/Si mirrors optics (Xenocs FOX 2D Mo 25-INF); 

X-ray beam size is 0.8 × 1 mm2 at the sample position [31]. The sample was fixed on both 
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ends with ceramic paste on a brass sample holder and dried by heating at 80°C under vacuum 

for 12 h prior to XRS measurements. Note that a temperature treatment of 80ºC does not 

affect the chemical composition of our GO paper, as clearly evidenced in previous 

decomposition studies [30]. Furthermore, the findings of the decomposition studies on our 

own material [30] are in full agreement with the further literature work [33], which clearly 

underline that changes in the chemical composition are not taking place in the temperature 

range from RT to 80 ºC. Then, the sample was placed in a controlled humidity chamber with 

entrance and exit windows made of 500µm-thick Mylar film for X-rays paths (Fig.1).  

 

Fig.1: (a) Operating principle of the X-ray controlled humidity chamber: schematic front 

view. (b) Photograph (side view) of the laboratory X-ray setup equipped with the controlled-

humidity chamber.  

 

The relative humidity (RH) was generated by an aqueous saturated salt solution placed in a 

reservoir connected to the chamber which was beforehand evacuated with a primary vacuum 

pump (Fig.1). To explore the whole range of RH, we used the following salts in saturated 

conditions [32]: LiBr (RH = 6%), LiCl (RH = 11%), CH3COOK (RH = 22%), K2CO3 (RH = 

43%), Mg(NO3)2 (RH = 53%), NaCl (RH = 75%), KCl (RH = 84%). The highest relative 



6	
	

humidity (RH = 100%) was achieved by using ultrapure water (conductivity σ = 5.5 × 10-3 

mS.m-1). The chamber was systematically pumped (P ~ 1 mbar) between each salt solution 

change which allowed performing all XRS measurements on the same sample and controlling 

the reversibility of the GO swelling. 

XRS images were recorded by a large-area X-ray sensitive plate detector with 150 µm pixel 

size (MAR345, marXperts GmbH), placed behind the exit window of the chamber (Fig.1b). 

Measurements were performed in transmission geometry with GO paper oriented parallel to 

the incident X-ray beam. Extraction of the scattered intensity 𝐼 as a function of the scattering 

modulus 𝑄 (𝑄 =  4πsin𝜃/λ where 2𝜃 is the scattering angle) were performed with home-

developed software. 

 

3. Results and discussion 

3.1 X-ray scattering of a multi-layered GO paper 

Thanks to the specific geometry used for XRS measurements, the respective contributions 

from in-plane and out-of-plane structural features of GO paper are clearly observed (Fig.2 

inset). The preferential orientation of stacked GO layers leads to angular anisotropy of the 001 

reflection located at the scattering wave-vector 𝑄!!". The wave-vector value is directly related 

to the interlayer distance d by 𝑑 = !!
!!!"

.  Peak position decreases (interlayer distance increases) 

during hydration, as it is illustrated in Fig.2. A second anisotropic peak is also observed in the 

same direction at a larger value Q ~ 1.78 Å-1, which is due to remaining impurities from the 

synthesis, arising from the periodic stacking of non-oxidized graphitic sheets. Accordingly, 

this latter peak is insensitive to hydration ([24] and Fig.2). In the orthogonal direction, 10 

peak reflects the in-plane hexagonal arrangement of carbon atoms in graphene sheets. Its 

position corresponds to the expected lattice parameter 𝑑!" = 2.46 Å and the C-C bond length 

of 1.42 Å (𝑑!""/ 3) of a graphene sheet, and does not change during hydration either. Finally, 

position and width of 001 reflection under vacuum (black dotted curve in Fig.2a) are 
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𝑄!!" ~0.98 Å-1
 and FWHM = 0.25 Å-1 respectively. Determination of the average layer 

number N of GO assemblies was performed by fitting the profile of 001 peak according to the 

formalism developed in ref.[24] using the expression of the scattered intensity 𝐼!!" 𝑄  ∝

 𝐹 𝑄 ! 𝐺(𝑄), F(Q) being the structure factor of a  GO layer, with the interference function 

G(Q) :   

𝐺 𝑄 =   
1
𝑁

𝑠𝑖𝑛𝑁𝑄𝑑2
𝑠𝑖𝑛𝑄𝑑2

!

 

The results correspond to a stacking of 4 GO layers with an interlayer distance of 6.4 Å, the 

latter value being in good agreement with previous studies [19, 33].  

 

 

Fig.2:  XRS intensity along 001 direction (intensity along the horizontal red line on XRS 

image in the inset) of GO under vacuum and at different times after hydration starts (1h, 5h, 

10h, 15h), for (a) RH = 84 % and (b) RH = 22% . The vertical dashed line corresponds to the 
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position of the 001 peak (Q001 = 0.98 Å-1) for the dried sample under vacuum. Inset:  XRS 

image of GO under vacuum.  

 

3.2 In situ monitoring of water adsorption 

XRS images were recorded during hydration for 15h at different RH. Fig.2 shows the typical 

evolution of 001 reflection as a function of time during the hydration process at low (22%) 

and high (84%) RH. The variation in position of 001 reflection is due to the intercalation of 

water in GO stacking while the diffracting coherent domain remains unchanged with the same 

number of stacked layers [24]. No additional disorientation between GO layers is observed 

either. It is noteworthy that 001 reflection returns systematically to initial values of position 

and width of the dried sample, after re-pumping the chamber before changing the salt 

solution. Corresponding XRS image with acquisition time of 15 minutes is similar to the one 

of the dried sample, inferring desorption is achieved in a much shorter time. It indicates, 

firstly, that vacuum process removes effectively all the water molecules physically adsorbed 

between GO layers, and secondly, that hydration does not cause any damage to GO structure.  

Variation of the interlayer distance as a function of time was measured at different RH 

ranging from 6 to 100% (Fig.3a). At each RH, the interlayer distance increases strongly 

within the first two hours after hydration starts, then more gently to approach a saturation 

value after about 10 hours. Remarkably, the expansion occurs immediately, from the lowest 

value of RH 6%, which confirms the high water adsorption capacity of graphene oxide. The 

saturation value becomes larger when RH is higher, with a maximum value of about 10 Å at 

RH 100%. Two regimes in the variation of interlayer distance d according to RH are clearly 

evidenced. For RH from 6 to 53%, the saturation value is restricted within the value range 

6.9-7.4 Å whereas it is larger than 9.4 Å for RH above 75%.   
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Fig.3: (a) Variation of the interlayer distance as a function of time at different RH. Eye-

guidelines are the results of the fit according to the equation 1. Times correspond to the end of 

image acquisition. (b) Maximum interlayer expansion Δd as a function of RH obtained from 

the experimental values (empty circles) after 15h of hydration and from the fit according to 

the equation 1 (full circles). Schematic sketches of the structure of GO layers with intercalated 

water molecules (red and blue circles for oxygen and hydrogen atoms of water molecule, 

respectively) in the low and high RH regimes of water adsorption are inserted. 

 

The time dependence of the variation of the interlayer distance during hydration at each RH 

value can be fitted according to a simple empirical relation: 

𝑑 = �𝑑 1 − 𝑒!
!
!

!.!

+ 𝑑!"#$$%    (1) 

τ being a time constant, 𝑑!"#$$% the value of the interlayer distance in vacuum (𝑑!"#$$% = 6.4 

Å), and �𝑑 the additional expansion of the interlayer distance at 𝑡 = ∞. The result of fits 

indicates that the time constant τ is roughly equal to 2 h (±1h) whatever the RH value, during 
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which the interlayer distance d strongly increases. A more accurate determination of τ is out 

of reach, since the time resolution of the measure is limited by the image acquisition time 

during which the position of reflection 001 is averaged. A time constant of a few hours was 

also measured on GO papers by Liu et al. [25]. Moreover, it must be underlined that the 

saturation value of d measured in the low-RH regime is rapidly overcome for RH higher than 

75%, within the first 15 minutes for RH of 100% for instance, which corresponds to enhanced 

water adsorption in the high-RH regime. 

 

3.3 Two-step hydration mechanism 

Variation of the expansion Δd as a function of RH is plotted in Fig.3b. Its value is constant, 

about 1 Å, for RH varying from 6 to ~55%, while it is around 3.5 Å for RH above 75%. Our 

results highlight two different regimes of water adsorption which were not clearly identified 

in earlier studies (see Fig.4). Previous results show a large dispersion of d values and a rather 

linear dependence of d with RH up to 80%. The maximum value around 10 Å at RH 100% is 

consistent with the ones measured on other GO papers by Liu et al. [25] whereas larger values 

measured by Lerf et al. [5] were obtained with samples immersed in liquid water. Various 

experimental conditions, sample preparation and shape or hydration method (see table S1) 

between the different studies could explain the dispersion in the values while RH is varying. 

In order to minimize such effects, a special methodology was applied in the present study, 

allowing us to evidence the existence of two different hydration states depending on RH. In-

situ measurements were carried out on the same sample. Vacuum pumping before changing 

the salt solution ensured a proper measure of the water adsorption at each RH, starting 

systematically from the same initial state of dried GO paper, and also confirming the 

reversibility of the swelling process.  Let us underline that variation of the interlayer distance 
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is strictly related to the intercalation of water molecules in-between GO layers and not to 

water molecules adsorbed on the edges of the layers or out of the interlayer spaces. The 

intercalated water molecules are physically adsorbed and are easily removed by vacuum 

pumping. Finally, the hydration process was homogeneous. Indeed, one observes a single 001 

peak with no anomalous widening during the whole hydration process (Fig.2). It is probably 

due to the limited number of stacked GO layers (four layers) in GO assemblies.  

 

 

Fig.4: Experimental values (red circles and dashed line as a guide for the eyes) of the 

interlayer distance as a function of the relative humidity compared to the ones found in the 

literature. GO were prepared according to different methods of synthesis (Brodie (BGO), 

Staudenmaier (SGO), Hummers (HGO) and enhanced Hummers (KGO) methods).  

 

A simple model of hydration can be deduced from the two regimes of adsorption clearly 

observed.  Considering that the van der Waals diameter of a water molecule is about 3 Å, the 
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expansion of the interlayer distance measured in the low-RH regime which is limited to 1 Å, 

does not leave enough space for the formation of a layer of water, contrarily to the conclusion 

drawn by Liu et al. [25]. Instead, water molecules can be adsorbed on specific sites on GO 

layer’s surface such as holes or hydrophilic OFGs. In particular, water molecules can interact 

with OFGs through double hydrogen bonding [16,34,35], exhibiting localized motions as 

probed by neutron spectroscopy [5,21]. This type of intercalated water is thus referred as 

bound water (sketch in Fig.3b). This first-step hydration mechanism spreads out over a wide 

RH range [6-53%], resulting in the limited expansion of the interlayer distance.   

A second-step hydration regime occurs at high RH, where intercalated molecules are likely to 

form local clusters containing an increasing number of water-water bonds. Clusters eventually 

merge to form a water monolayer in between the layers formed of GO and physically bonded 

water molecules discussed above (sketch in Fig.3b). The presence of the water monolayer 

induces the larger expansion of the interlayer distance to 3.5 Å. Due to the change in the 

hydrogen bonds network [35], motion of the water molecules within the monolayer is less 

constrained than the one of bound water, that is water molecules become more mobile and 

acquire a liquid-like behavior. It is worth mentioning here that high permeation rate of water 

through membranes designed for filtration and separation techniques [11] is believed to be 

achieved thanks to the mobile water monolayer, which can only exist in the high-RH regime 

[75-100%] where the interlayer distance is large enough to accommodate a monolayer of 

water. The evidence for two different hydration regimes depending on RH is also relevant in 

the context of high humidity sensitivity of GO films [16], where the specific roles of bound 

water and of mobile water layer are discussed. 

In summary, hydration of a multilayered graphene oxide paper in vapor gas atmosphere was 

studied by in-situ X-ray scattering measurements. Intercalation of water molecules physically 

adsorbed between the layers induces the expansion of the interlayer distance according to two 
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regimes of adsorption clearly observed for the first time, and corresponding to a two-step 

hydration mechanism. For RH below 55%, water molecules are bound to functional oxygen 

groups of GO layers whereas an additional water monolayer is formed at RH above 75%. Our 

results should stimulate further theoretical and numerical simulations and allow one to get a 

deeper understanding of some of the outstanding properties of GO for water filtration, 

molecular sieving or humidity sensing. 
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SUPPLEMENTARY INFORMATION   

 

Table S1. Literature data on interlayer distance of GO at maximum swelling (dmax) obtained 

by X-ray diffraction at 25°C under saturated relative humidity (RH = 100%) if not specified, 

or immersed in liquid water. Protocol of GO synthesis, sample shaping and hydration method 

are also reported. 

Reference dmax (Å) GO preparation Sample 
shaping 

Hydration 
method 

Lerf et al.[5] 

8 Staudenmaier 
“schmid” powder vapor 

11.5 Staudenmaier 
“wagner” powder vapor 

10.5 Brodie powder vapor 

Szabó et al.[36] 6.91 
(70%)a Brodie paper vapor 

Barroso-Bujans et 
al.[6] 

9.4 Brodie powder vapor 
8.6 Brodie powder vapor 

Cerveny et al.[27] 8 Brodie powder vapor 
Talyzin et al.[28] 10.6 Brodie powder immersed 

Zhu et al.[33] 7.8  
(35%)a Hummers paper vapor 

You et al.[13] 10.4 Brodie powder immersed 
12.4 Hummers powder immersed 

Rezania et al.[22] 8.5 Hummers bi-layers vapor 

Talyzin et al.[23] 
12.1 Brodie paper immersed 
12.5 Hummers powder immersed 
12.3 Hummers paper immersed 

Liu et al.[25] 9.6 Hummers paper vapor 
Rouzière et al.[24] 11.8 Hummers paper vapor 

 

a Values in brackets corresponds to the maximum RH reported in the corresponding reference. 
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