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Temperature Dependent Swelling Transitions of Hummers
Graphite Oxide in Liquid 1-Alcohols

Gui Li, Bartosz Gurzęda, Artem Iakunkov, Andreas Nordenström, Nicolas Boulanger,
Christoph Hennig, Catherine Dejoie, and Alexander V. Talyzin*

Graphite oxides (GO) swell in liquid alcohols with significant expansion
of c-lattice. However, temperature-dependent swelling of Hummers GO
(HGO) has so far been reported only for methanol and ethanol. Here, HGO
swelling in liquid 1-alchohols (C1 to C22 according to the number of carbons)
is studied as a function of temperature using in situ synchrotron radiation
XRD. Swelling transitions never previously observed for HGO in any kind
of polar solvents are found, enthalpy of these transition and compositions
of HGO-Cx solid solvates near the point of solvent melting reported. Swelling
transitions from low temperature to high-temperature phase are found for
HGO in C10–C22 alcohols, similarly to earlier reported transitions in Brodie
graphite oxide (BGO). The transitions correspond to a strong change of
inter-layer distance correlating with the alcohol molecules length and change
in molecules orientation from perpendicular to parallel to GO planes (Type II
transitions). However, Type I swelling transitions (related to insertion/removal
of one layer of alcohol molecules) reported earlier for BGO are not found
in HGO. Continuous changes of the d(001) spacing are revealed for HGO
immersed in all smaller alcohols in the range C1 (methanol) to C9 (nonanol).
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1. Introduction

Graphite oxides (GO) can be synthesized
by strong oxidation of graphite using
several methods. Fuming nitric acid is
used to expand graphite lattice and a
potassium chlorate is used to oxidize
graphene sheets in the earliest Brodie
method.[1] Hummers method is the
most popular at the moment due to less
dangerous and more rapid procedure
which includes using concentrated sul-
phuric acid to expand graphite lattice and
potassium permanganate as oxidant.[2]

Several other methods have also been
proposed for synthesis of GO, including,
e.g., the Gurzeda method combining
sulphuric acid with chlorates[3] or elec-
trochemical method.[4] Despite the same
“GO” name, these methods provide ma-
terials with rather different properties,[5]

such as thermal exfoliation temperature
range,[5,6] mechanical strength of individ-
ual flakes,[7] defect state[8] and swelling.[9]

General for all of the oxidation
methods is that mainly hydroxyl and epoxy groups are added
to graphene planes, while the edges of graphene are function-
alized mostly with carboxylic and carbonyl groups.[10] The inter-
layer distance of GO increases up to 6–8 Å (compared to ≈3.3 Å
in graphite) as a result of extensive functionalization with oxygen
groups with the exact value depending on degree of oxidation and
oxidation method.[10c]

Swelling in polar solvents is one of the properties of GO crit-
ical for several applications.[9a,11] Swelling occurs by sorption
of solvents resulting in expansion of the inter-layer distance,
typically characterized by X-ray diffraction (XRD) methods.[12]

However, the solvent molecules intercalated in GO are com-
pletely disordered thus not allowing to determine orientation
or packing of the molecules using XRD.[13] The liquid-like state
of solvents intercalated into GO structure in combination with
expanded c-lattices allows to use multilayered graphene oxide
laminates produced from GO after dispersion and re-stacking
of graphene oxide sheets as membranes.[14] The expansion of
inter-layer distance by swelling is then a the critical parameter
defining the size of “permeation channels” important in mem-
brane applications.[14b–f] It is important to note that swelling of
precursor GO and graphene oxide membranes can be rather
different. For membranes it depends on air-ageing,[15] sample
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thickness,[16] oxidation degree,[17] flake size, and possibly several
other parameters.[18] Therefore, studies of swelling performed
using GO’s are of the most fundamental value.

Swelling of GO in several polar solvents has been studied in re-
cent decades as a function of temperature and pressure.[11b] Fol-
lowing the discovery of pressure-induced swelling,[19] swelling
transitions related to change in amount of intercalated solvent
were found also in the temperature-dependent experiments.[9d,20]

The swelling transitions occur with sharp changes of GO inter-
layer distance due to insertion of solvent layer from liquid phase
during the cooling and removal of this layer from GO structure
upon heating half of temperature cycle.[9d,21] In fact, swelling
transitions in liquid-immersed Brodie graphite oxide (BGO) pro-
vide possibly the best method to determine experimentally the
thickness of single solvent layers.

Swelling of GO in 1-alcohols is the best studied at the
moment, but mostly for small alcohols, such as ethanol and
methanol.[12,15a,19b,21e,22] Swelling of BGO in liquid 1-alcohols with
molecular chains longer than octanol was extensively character-
ized in our recent studies extending detailed structural character-
ization of BGO-alcohol systems up to C22 (behenyl alcohol).[23]

In the following 1-alcohols will be named shortly by the number
of carbon atoms in the chain (e.g., C8 for octanol). These stud-
ies revealed existence of two sharply different types of swelling
transitions for BGO immersed in shorter alcohols (C1–C9) and
long alcohols (C > 10). The 1-alcohol molecules in the set C1–
C9 are intercalated into BGO forming structures with the solvent
molecule layers oriented parallel to GO planes. This is verified
by several methods, including TGA.[22b,c] Cooling the solvates in
excess of solvent has been found to result in swelling transitions
corresponding to the insertion of additional 1-alcohol layer for
BGO upon cooling in liquid methanol, ethanol,[9d] propanol,[21e]

heptanol,[22b] octanol,[22c] and nonanol.[22c] The Type I phase tran-
sitions are related to changes in the number of intercalated sol-
vent layers (typically by only one) parallel to the graphene oxide
plane orientation. The Type I phase transitions were not found
in BGO systems with few other alcohols, such as pentanol and
hexanol.[11b,22b] Intercalation of 1-alcohols longer than nonanol
(C9) into GO (synthesized by the Staudenmayer method[24])
was reported in the 1960s and later confirmed in the 1980s for
Brodie GO (BGO) but only as a part of PhD thesis published
in German.[25] Enormously large lattice expansion is found for
BGO swelling in longer 1-alcohols with inter-layer distances up
to ≈50Å for C18.[26] Our recent temperature-dependent studies
of BGO swelling in excess of long alcohols (C > 10) revealed re-
versible phase transitions with a decrease of interlayer distance
and change in the orientation of the intercalated molecules from
perpendicular to the GO planes in the ambient temperature 𝛼-
phase to parallel in the high-temperature 𝛽-phase.[23a] This kind
of swelling transition was named Type II as it is distinctly differ-
ent from Type I transitions found for BGO immersed in shorter
alcohols. Both Type I and Type II transitions observed in BGO
heated in an excess of liquid alcohols should be considered as
incongruent melting.[21b] Part of the solvent intercalated in BGO
interlayers at low temperature is released into the liquid phase
above the point of incongruent melting. Therefore, very general
trends in swelling of BGO in the whole set of 1-alcohols (C1–
C22) are known by now with data available for changes in inter-
layer distance, composition of low-temperature solvate phases,

and enthalpy of transitions between low temperature and high-
temperature phases.[23a]

In contrast, swelling of most commonly used in all appli-
cations Hummers graphite oxide (HGO) has so far been sur-
prisingly little studied. It is known that more defect state of
HGO[7,9b,15] results in less ordered structures of solvate phases
at ambient temperature and absence of swelling transitions.[21c]

Temperature-dependent swelling of HGO has been so far stud-
ied only in two alcohols, ethanol, and methanol, revealing grad-
ual shift of (001)-reflection over interval of temperatures where
these alcohols appear in liquid state.[9d] It should be noted
that the changes of d(001) values are smaller than the size
of solvent molecules. This is commonly explained by random
interstratification[27] and more exotic intrastratification.[28]

In this study, we report synchrotron radiation XRD study of
temperature-dependent swelling of HGO for the whole set of
1-alcohols starting from methanol (C1) to 1-docosanol (C22).
Analysis of 20 HGO-alcohols systems includes also evaluation
of solvent sorption near the point of melting using DSC method.
Swelling transitions of Type I, very common in BGO-alcohol sys-
tems, were not found for HGO. However, Type II swelling tran-
sitions were revealed for HGO in the same range of alcohols as
in BGO (C > 10). Therefore, our study provides the first report
of swelling transitions in HGO. Enormous lattice expansion is
found for swollen HGO with d(001) values up to 63.4 Å in liquid
C22 near the temperature of its melting point. Since the melt-
ing point of these alcohols is above the ambient temperature,
solid solvate phases are formed by HGO intercalated by long alco-
hols after solidification of molten solvent during the cooling. The
swelling of BGO and HGO is compared for all systems with alco-
hols in the range C1–C22 providing the so far most comprehen-
sive fundamental knowledge about GO swelling in 1-alcohols.

2. Results and Discussion

Swelling of HGO in a set of normal 1-alcohols (C1–C22, except
C21 and C19) was studied here as a function of temperature us-
ing XRD and DSC. Detailed characterization of the HGO precur-
sor is provided in Supporting Information file (Figures S1,S2 and
S3, Supporting Information).

The study is mostly focused on the temperature region where
the alcohols are in liquid state and limited to temperatures below
373 K to ensure absence of thermal degradation of HGO which
occurs already ≈400–420 K.[9b,13] Alcohols C1–C11 are liquids at
ambient temperature. Therefore, swelling of HGO in these alco-
hols was first tested in liquid-immersed state at ambient temper-
ature, then the samples were cooled below the freezing point of
solvent and heated back to ambient temperature or slightly above
to verify if some changes were detectable. For larger alcohols,
solid materials (HGO and alcohol) were mixed in a proportion
that ensures saturated swelling of HGO after alcohol melting.
The samples were heated over the melting point of alcohol and
up to 373 K and finally cooled down back to ambient temperature.

It is known from earlier studies, that swelling affects only inter-
layer distance of GO structure thus producing shifts in position
of (00ℓ)-reflections leaving other reflections corresponding to in-
plane lattices unchanged. Therefore, complete information about
temperature-dependent swelling of HGO in alcohols is provided
by following evolution of the (00ℓ) set of reflections, which
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Figure 1. Temperature dependence of d(001) recorded from HGO-Cx
samples during heating. Cx is the number of carbon atoms in 1-alcohol
(C4–C22). Alcohols that are liquid at ambient temperature are shown by
blue symbols, red points correspond to the start of alcohol melting de-
tected by XRD. For several longer alcohols, the data recording started just
above the melting of alcohols.

corresponds directly to the averaged distance between the
graphene oxide planes in a swollen structure. The number of re-
flections observed for this set is rather different for HGO swollen
in shorter (1-2 reflections) and longer alcohols (up to 15). There-
fore, we decided to use the d(001) value for comparing the data for
HGO in all alcohols. Temperature dependence of d(001) recorded
during the heating part of the temperature cycle is shown in
Figure 1 for alcohols C4–C22. HGO swelling in these alcohols
shows almost no hysteresis in d(001) value recorded during cool-
ing and heating. The swelling of HGO in smaller alcohols will be
discussed separately below.

Analysis of data shown in Figure 1 can be summarized as fol-
lows:

1) The expansion of HGO c-lattice due to swelling is propor-
tional to the length of 1-alcohol molecules. Table 1 shows the
values of d(001) recorded from HGO-Cx samples just above
the melting point of alcohol (𝛼-phases). The highest value of
d(001) = 64.2 Å is found for HGO-C22. In average the incre-
ment of d(001) is ≈2 Å per carbon atom added to the molecu-
lar chain.

2) Two rather distinct types of d(001) temperature dependence
are obvious in Figure 1. Sharp phase transitions are found for
long alcohols HGO-Cx with X= 10–22 (Type A). An almost flat
temperature dependence of d(001) above the melting point of
alcohols is found for HGO in shorter alcohols (C4–C8). Some
gradual changes of d(001) are observed even for these alcohols
and become somewhat stronger for C7 and C8 (Type B).

3) HGO in C9 is an “intermediate” case as it still shows grad-
ual changes of inter-layer distance resembling temperature
dependence in smaller alcohols, but also a significant change
resembling phase transitions observed for longer alcohols.

Below we provide more detailed analysis of XRD data for the
systems with Type A and Type B temperature dependence of

HGO swelling. XRD data for HGO systems with other 1-alcohols
are provided in Supporting Information file. Table 1 shows sum-
mary of the most important quantitative characteristics of HGO
swelling in all 1-alcohols studied here. It is also important to note
that HGO phases formed in 1-alcohols with melting temperature
above the ambient are preserved after solvent solidification thus
providing solid solvates stable at ambient temperature. The alco-
hol molecules are weakly bound (most likely by hydrogen bond-
ing) to the GO sheets as evidenced by possibility to dissolve all
intercalated alcohol by washing with ethanol thus recovering pre-
cursor HGO (see example for HGO-C16 system in Supporting
Information file).

Figure 2a shows the XRD patterns recorded from the HGO-
C20 sample starting from the temperature just above the melt-
ing point of alcohol. Below the temperature of alcohol melting,
the sample is simple mixture of HGO and solid C20. Melting of
C20 results in immediate formation of HGO-C20 solvate phase
with d(001) = 59.1 Å. This value is ≈52 Å larger compared to the
inter-layer distance of precursor HGO. Further heating results
in a swelling transition obvious from the step-like decrease of
the interlayer distance ≈351 K. It should be noted that swelling
transitions have so far never been reported for HGO in any
solvents.

This transition has all the characteristic features earlier re-
ported for Type II phase transitions in BGO-long alcohol
systems.[23c] Our results show that the same type of phase transi-
tion is found also for HGO in all long alcohols (C > 9). An exam-
ple of HGO-C20 (Figure 2) shows all typical features also found

Table 1. Summary of structural information for solid HGO-alcohol solvate
phases (from left to right): melting point of pure alcohol, d(001) value
recorded just above the temperature of alcohol melting after intercalation
of alcohol into HGO structure, composition of HGO-Cx just above the
melting point of alcohol calculated using DSC method.

System Melting point [K] d(001)After melting [Å] Composition [g/g]

HGO-C1 175 19.6 1.12

HGO-C2 159 23.2 /

HGO-C3 147 22.7 /

HGO-C4 183 18.5 1.21

HGO-C5 195 19.9 1.01

HGO-C6 228 21.1 1.05

HGO-C7 238 24.0 0.97

HGO-C8 257 26.2 1.28

HGO-C9 267 30.0 1.25

HGO-C10 279 34.1 1.61

HGO-C11 292 36.5 1.97

HGO-C12 297 39.8 2.00

HGO-C13 305 41.8 2.09

HGO-C14 311 44.5 2.14

HGO-C15 315 46.8 2.21

HGO-C16 322 48.8 2.26

HGO-C17 327 51.9 2.70

HGO-C18 332 54.1 2.61

HGO-C20 337 59.1 2.98

HGO-C22 343 63.6 3.16
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Figure 2. XRD patterns recorded from the HGO-C20 sample premixed as
powders with excess of alcohol required for saturated swelling and heated
over the temperature of C20 melting. The figure is limited to temperature
interval above the melting point of C20 with selected patterns recorded
during heating (a) and cooling (b), (𝜆 = 0.7381 Å).

for HGO immersed in other alcohols (C10–C22) and for BGO
swelling transitions in the same alcohols.

The structure of the low temperature 𝛼- phase consists of
two layers of alcohol molecules with orientation perpendicular
to the graphene oxide planes. The increment of d(001) by ≈52 Å
corresponds approximately to the double length of C20 alcohol
molecule. The packing of C20 molecules is “solid-like” exhibiting
one additional reflection with d-spacing of 4.22 Å. As discussed
in our earlier studies, this d-spacing corresponds approximately
to the diameter of long-chain alcohol molecule considered as a
cylinder.[23b,c] The absence of other reflections from intercalated
alcohol molecules allows to suggest that the structure of verti-
cal double layer of C20of is formed by closely packed molecular
“cylinders” nearly completely disordered relative to each other.
Exact composition of 𝛼-phases was determined using the DSC
method (Table 2). The method is based on measurements of
enthalpy of alcohol melting. The amount of liquid alcohol in a
molten phase decreases due to sorption and intercalation of the
solvent into the HGO structure. Therefore, the melting enthalpy
of alcohol measured from HGO-Cx sample is smaller compared
to reference enthalpy of pure alcohol. Knowing the exact amount

of alcohol loaded into a sample and the enthalpy of alcohol melt-
ing, it is possible to calculate the amount of alcohol sorbed (inter-
calated) into HGO structure. This method was extensively used
in earlier publications for evaluation of liquid solvent sorption by
GO materials.[21b,22b]

The Type II swelling transition corresponds to the incongruent
melting of the 𝛼-phase with part of alcohol escaping the struc-
ture into a liquid phase and the remaining part forming layers
parallel to graphene oxide planes.[23b,c] The interlayer distance
of 𝛽-phase formed above the point of transition is significantly
smaller (d(001) = 39.5 Å for HGO-C20). It should be noted that
composition of the 𝛽-phases is difficult to evaluate due to low va-
por pressure of alcohols in the given temperature interval limited
by ≈380 K due to thermal degradation of GO. Therefore, it is im-
possible to use simple vapor sorption method to evaluate com-
position of GO materials after saturated sorption is achieved at
a given temperature.[18b,22a–c] Approximate composition of the 𝛽-
phase was reported previously only for the BGO-C16 system after
extensive and rather time-consuming experiments with samples
of BGO and C16 components mixed in different proportions.[23b]

The swelling transitions of Type II are reversible as demon-
strated by the XRD data collected during the cooling (Figure 2b
for HGO-C20, for other systems, see Supporting Information
file).

The reversible Type II transitions are also easily detected by
DSC due to appearance of new peaks in addition to the anomalies
related to alcohol melting and solidification (Figure 3). The HGO
was mixed in these experiments with powder of alcohols in a pro-
portion providing excess of alcohol after saturated sorption by
HGO. The samples were initially heated above the melting point
of alcohol to form HGO-Cx by saturated sorption and cooled back
to ambient temperature. The DCS scans shown in Figure 3 were
recorded in the next heating-cooling cycles performed with sam-
ples including (at ambient temperature) pure alcohol and solid
phase of HGO-Cx. The DSC scans recorded from HGO-C9 show
only anomalies related to melting and solidification of excess al-
cohol not sorbed by HGO (Figure 3b) at the same temperatures as
in the reference DSC scan of pure alcohol (Figure 3a). No anoma-
lies due to swelling transitions were found in HGO-C9 and HGO
with other shorter alcohols. DSC scans recorded from HGO-Cx
samples with x = 10 and longer demonstrate additional features
related to reversible incongruent melting (swelling transitions)
(Figure 3d,f, see also Figures S30–S38, Supporting Information
for HGO with other alcohols).

The DSC scans recorded from pure C20 (Figure 3d) (and sev-
eral other long alcohols) also show additional features related to
solid-solid transitions. Note that mixing HGO with Cx in a pro-
portion not sufficient for saturated sorption is likely to result in
formation of additional phases and additional anomalies, as it
was earlier found in detailed study of BGO-C16 system.[23b] How-
ever, in this study we focused only on HGO-Cx phases formed
after saturated sorption of alcohols.

Enthalpies and temperature points of swelling transitions
found for HGO in longer alcohols are summarized in Table 2.
The enthalpy of Type II swelling transition increases with the
length of alcohols with maximal value of 0.46 kJ g−1 found
for HGO-C22. This trend reflects stronger interaction between
longer alcohol molecules packed approximately parallel to each
other. The temperature points of swelling transitions are also
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Table 2. Summary data related to swelling transitions found for HGO in a set of 1-alcohols C10–C22. From left to right: temperature of pure alcohol
melting, enthalpy of swelling transition according to DSC data (per gram of HGO), d(001) value for 𝛼-phase just before transition, d(001) value for
𝛽-phase just after transition.

System Onset T [K] Enthalpy [kJ/g, HGO] d(001)Before transition [Å] d(001)After transition [Å]

HGO-C10 277 0.07 33.6 29.4

HGO-C11 287 0.10 36.2 31.1

HGO-C12 308 0.15 39.0 32.2

HGO-C13 320 0.18 41.3 33.2

HGO-C14 327 0.25 43.5 33.6

HGO-C15 333 0.27 45.9 34.3

HGO-C16 338 0.27 48.5 35.5

HGO-C17 342 0.36 51.6 36.6

HGO-C18 346 0.35 53.6 37.4

HGO-C20 352 0.40 58.3 39.5

HGO-C22 357 0.46 63.4 42.5

correlated with the length of alcohol and higher melting points of
pure alcohols. Some other general trends related to Type II phase
transitions in HGO and BGO systems are considered below in
the discussion section.

The similarity between temperature dependences of BGO and
HGO swelling is rather surprising considering very strong dif-
ference observed for swelling in smaller alcohols (C < 10). The
example of Type B temperature dependence is shown in Figure
4 for d(001) of HGO immersed in liquid pentanol (C5).

XRD patterns of HGO recorded in liquid pentanol showed
(001) and (002) reflections with positions almost unchanged dur-
ing cooling down to the point of pentanol solidification. The
d(001) value recorded at 301 K is 18.65 Å. Cooling results in grad-
ual and continuous increase of d(001) up to 19.9 Å at 193 K. The
change by ≈1.2 Å is clearly smaller than the thickness of one pen-
tanol layer even if it was oriented parallel to the GO planes.

The continuous changes in d(001) values are commonly ex-
plained for layered hydrophilic materials by the effects of ran-
dom interstratification[28b] or by intrastratification.[28a] In both
cases, it is assumed that GO interlayers include discrete num-
ber of intercalated solvent layers (e.g., 1,2,3, etc) but due to ran-
dom packing of these layers only one (001) reflection is observed
with the position of this reflection shifting as function of changes
in the relative number of differently solvated inter-layers. Inter-
stratification is common in swollen GO,[28b,29] clay minerals[30]

and MXenes.[31] The value of d(001) should not be directly equal-
ized with “inter-layer distance” of HGO-C5 structure since the
changes are much smaller than the size of the molecule inserted
into the structure. The d-spacing for c-lattices needs to be con-
sidered as averaged value with real inter-layer distance still corre-
sponding to the size of intercalated molecules. Considering the
thickness of one pentanol layer parallel to HGO planes to be ≈4 Å
and ≈11.6 Å lattice expansion due to swelling, the room temper-
ature phase is likely to be intercalated with three layers of pen-
tanol while the increase of d(001) at low temperature indicates
that some interlayers start to be intercalated with 4 layers of sol-
vent. Taking the HGO-C8 system as another example, the differ-
ence between d(001) values observed at 370 K (22.77 Å) and at 255
K (27.0 Å) is ≈4.2 Å. This value corresponds roughly to the inser-
tion of one additional octanol layer but occurs over broad temper-

ature interval unlike BGO where sharp step-like swelling transi-
tion with similar change of d(001) was earlier found.[22c] BGO
immersed in liquid octanol at room temperature forms solvated
structure with four layers of solvent parallel to GO planes. Cool-
ing BGO in excess of octanol results in a swelling transition into
five-layer structure considering the thickness of one layer to be
4.5 Å.[22c] The phase transformations in HGO-pentanol system
can be explained assuming strongly inhomogeneous oxidation
of this type of GO as compared to more homogeneously oxidized
BGO. The temperature dependence observed for HGO in, e.g.,
octanol can be interpreted in a way that each interlayer of dif-
ferently oxidized regions on graphene oxide planes has its own
slightly different temperature of swelling transition from four-
layer to five-layer phase. As a result, the sharp transition observed
in BGO-C8 system is smeared over much broader interval of tem-
peratures due to averaging over many parts of the sample where
transition occurs at somewhat different temperature point.

So far, discussion of the temperature-dependent swelling of
HGO in alcohols did not include smallest alcohols: methanol,
ethanol, and propanol (C1–C3). That is, because HGO in these
alcohols is not following exactly the trends shown in Figure 1.
The temperature-dependent swelling of HGO in these solvents
shows no sharp transitions and can be described as Type B but
with significantly stronger changes of d(001) between ambient
temperature and the temperature point of solvent solidification.
Methanol and ethanol are the only alcohols for which HGO
swelling was studied earlier reporting “enormous” lattice expan-
sion at low temperatures.[21c] We re-recorded the temperature
dependences for these solvents with new data providing much
better signal-to-noise ratio and time resolution (see Figure 5 for
HGO in methanol and Figures S4–S6, Supporting Information
for ethanol and propanol)). The d(001) = 13.26 Å value recorded
from HGO immersed in methanol at 312 K gradually increases
upon cooling until the point of alcohol solidification reaches the
value 19.67 Å. The increment by ≈6.4 Å corresponds approxi-
mately to the thickness of two methanol layers. The thickness
of one methanol layer is known exactly from experiments with
BGO-methanol system. The swelling transition reported earlier
for BGO immersed in methanol is related to change from one-
layer structure at ambient temperature into two-layer structure

Adv. Mater. Interfaces 2025, 12, 2400651 2400651 (5 of 11) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 3. DSC scans recorded from pure 1-alcohols and the same alcohols with added HGO powder. Scan recorded from pure C9 (a) and HGO/C9 (b)
show only anomalies from melting and solidification of alcohol. Pure C10 (c) and C20 (e) show anomalies related to melting and solidification of alcohol
and anomalies due to solid-solid transitions. Scans from HGO/C10 (d) and HGO/C20 (f) demonstrate additional anomalies due to reversible Type II
(𝛼 to 𝛽 phase) swelling transitions.

at low temperatures with step-like change of the d(001) value by
3.3 Å.

The structure of HGO in liquid methanol is expanded signif-
icantly stronger compared to the BGO-methanol system. Con-
sidering ≈7 Å c-lattice parameter in the solvent-free HGO and
≈3.3 Å thickness of methanol layer, the d(001) = 13.26 Å cor-
responds to the insertion of two methanol layers parallel to GO
planes already at ambient temperature. Considering again the ef-
fects of interstratification and gradual changes of d(001) observed
upon cooling, some interlayers of HGO get intercalated first with
three layers of methanol and at lowest temperature with four lay-
ers of methanol (Figure 5a). A sudden drop in the d(001) value
corresponding approximately to the size of two methanol layers

is observed below the point of methanol melting. This drop is
likely related to partial escape of methanol from the GO structure,
similar to the previously observed anomalies in BGO and HGO
swollen in water.[32] No similarly strong change is found below
the freezing point of ethanol in the HGO-C2 system (Figure 5d).
The difference between composition of methanol solvates close
to the melting point of methanol is also obvious from the analy-
sis of DSC data. The sorption of methanol by HGO measured
by DSC in this study was 1.12 g/g (in agreement with earlier
studies reported in ref. [21b]) compared to 0.55 g/g reported for
BGO.[22a] For HGO immersed in ethanol the difference between
d(001) values measured at 352 K (15.0 Å) and 170 K (23.41 Å) is
≈8.4 Å (Figure 5d). Considering the thickness of an ethanol layer

Adv. Mater. Interfaces 2025, 12, 2400651 2400651 (6 of 11) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 4. XRD patterns recorded from HGO sample immersed in excess
of liquid pentanol (C5) during heating (a) and cooling (b). Relections from
solid pentanol are marked by ♦ symbols, (𝜆 = 0.354352 Å).

≈4 Å (ref. [9d]) this change corresponds to the insertion of two
additional layers and an overall composition at the lowest tem-
perature corresponding to four ethanol layers. Finally, for HGO
in propanol the difference between low and high-temperature
solvates is ≈5.3 Å with maximal value of d(001) = 22.67 Å
(Figure S6, Supporting Information). The maximal sorption of
propanol by HGO is also then close to expected value for four-
layer phase. Considering rather strong change in d(001) value
between ambient and low-temperature HGO solvates it is conve-
nient to group swelling in methanol, ethanol, and propanol into
Type C to distinguish it from Type B (C4–C9) and Type A (C10–
C22) in the following discussions.

Some specific features found for HGO swelling in group C1–
C3 could possibly be related to water impurities since methanol,
ethanol, and propanol are solvents that are completely miscible
with water and easily absorb water from air. Note however that
swelling of BGO was previously studied for methanol-water mix-
tures revealing shift in the temperature point of swelling transi-
tions but not in the value of d(001) change.[22a]

It is interesting to discuss in more detail some general trends
observed for swelling of HGO in the whole set of alcohols stud-
ied here (C1–C22) and to compare swelling of HGO with earlier

reported swelling of BGO in the same set of 1-alcohols. Sorption
of 1-alcohols by HGO and BGO is compared in Figure 6a. The
sorption corresponds to composition of GO-Cx found at low tem-
peratures close to the point of relevant Cx alcohol melting.

Figure 6 shows two very distinct regions for HGO sorption.
Compositions of all HGO solvates with alcohols in the range
C1–C9 are approximately the same (1.1–1.2 g/g) whereas for
alcohols C10–C22 the sorption increases proportionally to the
length of the molecules. These two regions correspond to dif-
ferent solvate structures. Our data suggests that 1-alcohols C1–
C9 are intercalated into HGO as layers parallel to GO planes.
Considering XRD data, it is likely that about four layers of alco-
hol molecules are intercalated close to the melting point of sol-
vent. The “weight” of one solvent layer with orientation parallel
to GO planes is obviously similar for nearly all close-packed al-
cohol molecules (≈0.3 g/g). When alcohol molecules are form-
ing layers in a “stand up” orientation approximately perpendic-
ular to GO planes, the thickness of one layer is proportional to
the length of molecules. Therefore, the sorption of alcohols C10–
C22 in g/g units increases approximately linearly in accordance
with XRD data showing that the inter-layer distance proportion-
ally increases with the length of molecules (Figures 1 and 7 and
Table 1).

A linear trend is also observed for both BGO and HGO
swelling transitions in alcohols C10–C22. Once again, HGO
shows no sharp swelling transitions in alcohols C1–C9. The
change in interlayer distance at the point of transition is plotted
versus the length of alcohol in Figure 7. Remarkably the HGO
and BGO show nearly identical slopes in this figure, but HGO
transitions are smaller by ≈4 Å which corresponds roughly to
the thickness of one alcohol layer (parallel to GO planes). More-
over, the enthalpy of transitions is somewhat smaller in average
for HGO as compared to BGO (Figure 6b).

The orientation of alcohol molecules changes from perpen-
dicular (𝛼-phase) to parallel (𝛽-phase) to GO planes. Our earlier
study suggests that the number of parallel layers in the 𝛽-phase
increases for longer alcohols. The data shown in Figure 7 sug-
gests that 𝛽-phases of HGO are either intercalated by less alco-
hol or orientation of alcohol chains in HGO is not strictly per-
pendicular to GO planes in the 𝛼-phases. The solvent is interca-
lated into GO structure of 𝛽-phases in a “liquid-like” and com-
pletely disordered state. Smaller inter-layer distance of the HGO
𝛽-phases cannot be related to different oxidation degree since the
BGO studied in ref. [23a] has somewhat larger C/O ratio).

It is more likely that somewhat smaller sorption of long alco-
hols by HGO and smaller change in inter-layer distance due to
swelling transitions is related to more inhomogeneous distribu-
tion of oxygen groups in HGO and existence of isolated nm-sized
non-oxidized regions,[33] in contrast to more homogeneously oxi-
dized and less defect BGO. The less perpendicular orientation of
alcohol molecules can be related to non-oxidized regions on GO
planes where alcohol molecules cannot attach to graphene sheets
due to the lack of oxygen groups. Therefore, some “empty” space
over the non-oxidized regions is available. This space can possibly
be filled if orientation of alcohol molecules is less perpendicular,
luting toward the space over non-oxidized regions. However, our
data does not allow unambiguous interpretation for difference in
the magnitude of inter-layer distance change between BGO and
HGO systems with long alcohols.

Adv. Mater. Interfaces 2025, 12, 2400651 2400651 (7 of 11) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. Diffraction patterns recorded from HGO immersed in alcohols as a function of temperature during cooling to temperatures below the point
of solidification: a) HGO in methanol, b) HGO in ethanol. c) Temperature dependence of d(001) for HGO recorded in liquid methanol and d) liquid
ethanol (𝜆 = 0.35435 Å).

Finally, some very general considerations can be suggested to
explain similarities between swelling of HGO and BGO in longer
alcohols and dissimilarities for swelling in short alcohols. Con-
sidering thickness of one GO layer of ≈7 Å, ≈90% of the total
unit cell volume in the low-temperature HGO-C22 structure (c
= 63.6 Å) is occupied by two vertical layers of alcohol molecules.
Even for the structures formed by swelling of BGO and HGO in
C10 the proportion of cell volume occupied by GO layers is only
≈20%. Therefore, it is not surprising that the properties of both
BGO and HGO phases are mostly defined by the structural ar-
rangement of long alcohol molecules forming 2D (but poorly or-
dered) crystal structure confined between graphene oxide sheets.

We suggest that rather similar swelling transitions observed in
both BGO and HGO systems with alcohols C10–C22 are mostly
related to the properties of 2D alcohol crystals rather than to prop-
erties of graphene oxides. The swelling transitions from 𝛼- to 𝛽-
phase should be described strictly speaking as incongruent melt-
ing of 𝛼-phase. Therefore, it is not surprising that higher temper-
ature points of swelling transitions observed for both BGO and
HGO systems with longer alcohols (Table 2) correlate with higher
melting points of pure alcohols (Table 1).[23a] Moreover, the struc-
ture of low-temperature 𝛼-phases of GO with long alcohols can be
described as “solid” while high-temperature 𝛽-phases have been
cited previously as “liquid-like” with reference to the state of al-
cohol molecules confined between graphene oxide sheets, thus
extending analogy with melting of pure alcohols.[22d]

Long alcohols are essentially hydrophobic due to the long hy-
drophobic hydrocarbon chain and hydrophilic only at the end

terminated by ─OH group. Therefore, the longer is alcohol
molecule, the more important (for overall properties of the ma-
terial) will be van der Waals interaction between the hydropho-
bic alcohol chains in the 2D crystal structure. At the same time
the overall importance of hydrogen bonding between hydrophilic
─OH groups and oxygen groups on graphene oxide sheets re-
main the same independently on the length if the molecules are
oriented perpendicularly to the GO planes.

As suggested in our previous study of BGO swelling, the
change of alcohol molecule orientation from parallel to perpen-
dicular (relative to graphene oxide) for structures with longer
alcohols (C > 10) is likely related to repulsion of long hy-
drophobic hydrocarbon chains from hydrophilic graphene oxide
surface.[23b] Gradual increase of the alcohol chain also generates
additional effects related to possible formation of kink-layers.[23a]

Longer molecules oriented parallel to graphene oxide sheets in
random in-plane orientations will overlap over each other form-
ing multilayer structures in completely disordered 𝛽-phases of
both BGO and HGO. The number of possible “kink-layers” is
proportional to the length of the molecules.[23a] It is likely that
kink-layered structures can be formed by alcohols longer than
C10 considering ≈4 Å diameter of alcohol molecules and simple
geometric considerations.[23a]

The properties of BGO and HGO phases formed by swelling in
shorter alcohols are defined to a much larger extent by the prop-
erties of graphene oxide sheets and interactions between oxy-
gen functionalities of graphene oxide with -OH groups of alcohol
molecules. The absence of well-defined swelling transitions in

Adv. Mater. Interfaces 2025, 12, 2400651 2400651 (8 of 11) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 6. (a) Sorption of 1-alcohols (named according to number of car-
bon atoms in the chain C1–C22) by HGO (black symbols) and BGO (red
symbols) near the temperature point of solvent melting. (b) Enthalpy of
swelling transitions evaluated using DSC for HGO and BGO in liquid 1-
alcohols. HGO shows no phase transitions for alcohols C1–C9.

HGO systems with smaller (<10) alcohols should be explained by
intrinsically inhomogeneous distribution of oxygen-containing
functional groups over the graphene skeleton. The presence of
non-oxidized graphene regions in HGO prevents formation of
well-defined solvent layers of small alcohols. In contrast, BGO is
known to be oxidized more homogeneously[9b] and demonstrates
swelling transitions in several alcohols.

The shortest alcohols (methanol, ethanol, and propanol) are
hydrophilic and water-miscible thus forming a group of its own
in relation to swelling of BGO and HGO. Effects of random inter-
stratification and “intrastratification” (inhomogeneous hydration
within one inter-layer)[28b] are especially strong for HGO swelling
in smallest alcohols emphasizing inhomogeneous nature of this
material. The HGO can be imagined as a mixture of differently
oxidized materials on nm-scale where each microscopic part rep-
resents “material” with different temperature point of swelling
transition. The continuous shift of d(001) is then a result of av-
eraging over many microscopic parts of the sample experiencing
swelling transitions at different temperature points. This model

is in agreement with all experimental observations but requires
further more direct confirmations.

3. Conclusion

Temperature-dependent Swelling of HGO in a set of 1-alcohols
starting from C1 (methanol) and up to C22 (behenyl alcohols)
was studied using in situ synchrotron radiation XRD and DSC.
The main results are summarized as follows:

1) HGO swells in all liquid alcohols in the C1–C22 set with pro-
gressively larger expansion of c-lattice. The maximal inter-
layer distance of 63.6 Å was found for HGO-C22. Larger ex-
pansion of c-lattice correlates with stronger sorption of alco-
hols determined using by the DSC method.

2) The structure of low-temperature 𝛼-phases is preserved after
solidification of alcohols C4–C22, thus providing solid solvate
phases of HGO intercalated with alcohol molecules at ambi-
ent temperatures.

3) Swelling transitions are found for HGO in longer-chain liquid
alcohols (C10–C22). Remarkably, it is the first-ever example of
swelling transitions reported for HGO in any polar solvents.

4) The swelling transitions are of Type II, similarly to transitions
reported previously for BGO. The reversible transitions from
low-temperature 𝛼-phases into high-temperature 𝛽-phases oc-
cur with significant decrease of d(001), change in orientation
of alcohol molecules from perpendicular to parallel to GO lay-
ers, and partial removal of alcohol from the HGO inter-layers.

5) The swelling transitions observed during the heating corre-
spond to incongruent melting of 𝛼-phase and loss of partial
ordering of intercalated solvent molecules.

6) In contrast to BGO, no swelling transitions are found for
HGO in smaller alcohols C1–C9.

7) The d(001) of HGO intercalated with smallest alcohols (C1–
C3) shows significant but continuous changes during the
cooling and heating. The temperature dependence of d(001)

Figure 7. Changes of interlayer distance Δd(001) at the point of swelling
transitions for HGO (black symbols) and BGO (red symbols) plotted as a
function of 1-alcohol molecules length provided by the number of carbon
atoms in the chain (C1–C22).
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for HGO in C4–C9 alcohols shows smaller changes. The grad-
ual changes of d(001) with increments much smaller than the
size of solvent molecules are explained in a terms of interstrat-
ification.

Our study provides the most comprehensive overview of
swelling for HGO in a set of 1-alcohols and discusses similari-
ties and differences compared to swelling of BGO in the same
alcohols. The main difference is found for swelling in smaller al-
cohols, presumably due to more homogeneous oxidation of BGO
and uneven distribution of oxidized areas and non-oxidized is-
lands on the surface of HGO flakes. We note that this study is
limited to HGO phases formed in excess of liquid alcohols due
to saturated swelling, while variety of solvent-deficient phases
can possibly be found in each alcohol similarly to earlier studied
BGO-C16 system.[23b]

HGO is mostly used in experimental studies related to appli-
cations of graphene oxide. Therefore, our results are of funda-
mental value also for variety of membrane applications based on
using multilayered graphene oxide foils. We demonstrate that
inter-layer distance of HGO can be increased by swelling in al-
cohols producing a wide range of values at least up to ≈64 Å
and tuned with high precision by selection of intercalating alco-
hol molecules. However, swelling of HGO multilayered films and
membranes is not necessarily the same as in precursor graphite
oxides and needs to be verified experimentally.

4. Experimental Section
The HGO batch used in this study was purchased from Abalonyx and char-
acterized using XRD, XPS, TGA/DSC (Figures S1–S3, Supporting Infor-
mation). Shortly, all characterization methods confirmed rather standard
for Hummer’s GO properties of precursor material with overall C/O =
1.99 with some sulfur impurity (0.94 at%). Excluding oxygen from sulfate
groups gives C/O = 2.24.

XPS spectra were recorded with a Kratos Axis Ultra electron spectrom-
eter equipped with a delay line detector. A monochromatic Al K𝛼 source
operated at 150 W, a hybrid lens system with a magnetic lens, providing
an analysis area of 0.3 × 0.7 mm, and a charge neutralizer was used for
the measurements. The binding energy scale was adjusted with respect to
the C1s line of aliphatic carbon, set at 285.0 eV. All spectra were processed
with the Kratos software. TGA was done using a Mettler Toledo TGA/DSC1
STARe System. Experiments were performed from room temperature up
to 900 °C at a heating rate of 5 K min−1 under nitrogen flow (20 mL min−1).

DSC scans of HGO in various alcohols (from C1 to C22) were recorded
using a STARe system DSC 3 by Mettler Toledo under flow of nitrogen
with heating/cooling rate 2 K min−1. Samples were typically studied for
three cycles and the values for enthalpies and temperature reported in the
manuscript were from the third heating/cooling cycle. The BGO/alcohol
mixtures were studied using aluminum DSC capsules. The uncertainty for
sorption values and enthalpy of transition was calculated assuming that
the main errors were due to balance accuracy (0.1 mg) and assuming 95%
confidence interval.

Experiments with HGO in C17 and C20 were performed at the
Rossendorf Beamline (BM20),[34] ESRF, using a Cryostream 800 Sys-
tem (Oxford Cryosystems) and an X-ray wavelength of 𝜆 = 0.7381 Å
(16.798 keV). Experimental data with heating and cooling (rate: 1 K min−1,
exposure time: 10 s) were collected in transmission geometry using a DEC-
TRIS PILATUS3 × 2 m Si area detector and extracted with the Bubble soft-
ware. The detector geometry parameters were calibrated with PyFAI using
the NIST LaB6 standard reference material. The intensity of the X-ray beam
was adjusted using filters to avoid beam-induced damage.

Experiments with HGO in C1–C13 were collected at beamline ID22 at
the European Synchrotron Radiation Facility[35] using a Perkin Elmer XRD
1611CP3 detector positioned at a distance of 1400 mm from the sample.
The X-ray wavelength was calibrated as 0.354352(4) Å (35 keV) via a NIST
standard 640c Si powder. Diffraction patterns were collected during time-
resolved experiments with typical parameters as follows: five frames by 2 s
(0.4 s per frame) and 120 s waiting time, thus providing one XRD image in
about every 2 min. Azimuthal integration was carried out using the PyFAI
library. The heating and cooling rate was 1 K min−1.

The rest of the data were recorded at the DanMAX beamline at the
MAX IV Laboratory. The temperature with heating and cooling rate 1
K min−1 was controlled using a Cryostream 800+ (Oxford Cryosystems).
The diffraction data (10 frames per 1 s) were collected up to a maximum
2𝜃 of 28° (Qmax ≈3.75 Å−1) using a wavelength of 0.8266 Å (15 keV) on a
DECTRIS PILATUS3 × 2 m CdTe area detector. The wavelength and geome-
try of the instrument were refined using a LaB6 standard (NIST SRM660c)
using the program PyFAI. The raw area detector data were azimuthally in-
tegrated to intensity versus 2𝜃 using the MatFRAIA algorithm. The beam
was attenuated to avoid radiation-induced damage to the samples.

Glass capillaries with diameters of 0.7–1 mm and transmission geom-
etry were used in all of XRD experiments at ESRF and at MAX IV. Typically,
the powder samples of HGO and solid alcohols were ground together
in proportion providing excess of solvent for saturated swelling, loaded
into glass capillaries which were sealed to prevent solvent evaporation
at higher temperatures. The mixture was then heated above the melting
point of alcohol using a controlled temperature ramp with simultaneous
recording of XRD images. In the case if alcohol was liquid at room tem-
perature, the procedure was similar, except that liquid solvent was added
to the powder directly inside of capillary.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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