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Unlike many methods of chemical modification of Graphite Oxide (GO) reported during 1930-1960 and
re-studied in much detail over the last decade, acetylation somehow escaped attention and remained
almost completely unexplored. Acetylated Graphite Oxide (AcGO) was prepared using a reaction with
acetic anhydride. Successful acetylation is evidenced by an increase in the average interlayer distance
from d(001) = 7.8 A in the precursor GO to 10 A in AcGO. The amount of oxygen in AcGO significantly
decreased compared to the precursor GO (C/O = 2.2), reflecting partial reduction of GO in the process
of acetylation and resulting in a scarcely functionalized material with C/O = 6.2. A theoretical model of
the complete acetylation of GO results in a non-porous close packed molecular structure with an
interlayer distance of ~10 A, in good agreement with experiment. Remarkably, AcGO shows significant
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swelling despite the oxidation degree being comparable to that of reduced GO, which does not swell in
polar solvents. Moreover, AcGO shows swelling in acetonitrile similar to that of the precursor GO but
not in water, thus providing an example of selectivity in the sorption of common polar solvents. The low
oxidation degree combined with selective swelling properties makes AcGO a promising material for
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|. Introduction

Graphite oxides (GOs) are materials produced by strong oxidation
of graphite. The layered structure of graphite is preserved after
oxidation but the interlayer distance increases from ~3.4 A to
~7 A due to the addition of oxygen functional groups on the
basal planes." The exact structure of GO is not exactly defined
since the material is non-stoichiometric and shows strong varia-
tion of properties depending on the degree of oxidation and
particular oxidation methods.>® For example, GOs prepared
using the most common Hummers (with many variations and
“improvements”) and Brodie oxidation methods are known to be
remarkably different with respect to thermal stability, swelling
and sorption properties.*™® In fact, GO needs to be considered as
a family of materials. Nevertheless, there are some general
properties of GO, regardless of the synthesis details and varia-
tions in composition. It is generally assumed that the most
abundant functional groups on the basal planes are epoxy and
hydroxyl groups whereas carbonyls, phenols and carboxyls termi-
nate the flake edges (including the edges of holes) or occupy
defect points.*”®
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Unlike the precursor graphite, GO is a hydrophilic material
and exhibits swelling in polar solvents."*'® Swelling can be
considered as intercalation of solvent molecules between the
basal planes of GO, which results in significant expansion of
the interlayer distance. Swelling of GO can be characterized by
diffraction methods using the increase of averaged interlayer
distance provided by d(001),""*? or by the quantitative evaluation
of solvent sorption using neutron scattering,"® DSC or direct
weight change measurements."**® Swelling is of great impor-
tance for most applications of GO, e.g., the preparation of GO
dispersions, solution-based chemical functionalization and the
preparation of multilayered graphene oxide membranes.'®"”2°

As already demonstrated much earlier in the 1960s, targeting
specific oxygen functional groups (e.g., hydroxyl or carboxyls)
provides many possibilities for the chemical functionalization of
GO. Hundreds of different chemically modified GO materials
have been reported in the last decade.®*" Numerous studies in
this field in recent years have aimed to prepare porous
GO materials with a “pillared” structure. Pillared GO (PGO)
materials with a high surface area could be useful for many
possible applications, e.g., gas storage,*® supercapacitors® and
membranes.*® The synthesis of PGO involves swelling (expan-
sion) of the GO structure in a solution of pillared molecules,
insertion and attachment of the molecules to GO sheets (usually
at elevated conditions) and removing the solvent by evaporation
while the pillaring molecules keep the GO lattice in an expanded
state thus creating a porous structure. Many kinds of molecular
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pillars have been tested, for example 1,4-benzene diboronic acid
(DBA),”>**  various amines,”*?® and many other linker
molecules.>*?*3° Some intercalated GO materials (e.g., siloxane
derivative) were also converted into pillared carbons using
chemical reduction or thermal deoxygenation.*' ¢

The experimental specific surface area (SSA) reported for
some PGO materials (~400-1000 m” g~ ') is significantly higher
compared to pristine graphite oxide. However, in other cases, it
is not clear if the expanded lattice is indeed porous (demon-
strating a high surface area) or the expansion is related to
intercalation rather than to pillaring. Here, we define true
pillared GO as a material with the lattice expanded by pillaring
molecules and an interconnected pore network accessible for
the penetration of gases or liquid solvents.*® The intercon-
nected pore network is most easily detectable by the analysis
of nitrogen sorption isotherms, which need to demonstrate a
sizable value of SSA.***”

Acetylation of GO using reaction with acetic anhydride was
reported much earlier in the 1950s.***° Remarkably, acetylation
has been reported to result in the expansion of GO interlayer
distance by ~4 A up to 10.9 A.*° This is similar to the interlayer
distance of several PGO materials reported in modern times, e.g.,
“graphene oxide framework” materials based on pillaring with
DBA molecules.”” Assuming that the acetyl groups are covalently
bound to the basal planes of the GO perpendicular to the
orientation of the planes, one could suggest that acetylated GO
(AcGO) could be a true pillared GO material.*® However, the short
report of AcGO synthesis published about 50 years ago did not
provide any estimation of the material’s surface area, chemical
composition or spectroscopic characterization.>® Unlike many
chemical modification methods of GO reported during the
1930-60s and re-studied in much detail over the last decade,
acetylation somehow escaped attention and remains almost
completely unexplored. The only modern study of GO acetylation
was mostly focused on the chemical modification of AcGO,
involved different synthesis methods and also did not report
any data on the surface area of AcGO."® Acetylation of GO
specifically targets -OH groups, which is expected to result in
the modification of swelling properties. Indeed, the old study
from 1966 reports less pronounced swelling of AcGO as com-
pared to the precursor GO, which makes AcGO interesting for
membrane applications.?® Multilayered GO membranes recently
attracted great attention due to suggestions to use them in many
applications including, e.g., water desalination.”' Many chemi-
cally modified GO membrane materials were tested for
desalination.*” In this respect, it is interesting to note that the
first commercially important desalination membranes were
based on acetylated cellulose.**** Both cellulose and GO can be
acetylated using similar methods related to reaction with -OH
groups. Therefore, there is strong motivation to perform study of
GO acetylation using a variety of modern methods not available
back in the 1950-60s and to verify if AcGO has a porous pillared
structure. Here, we provide a systematic study of acetylated GO
with characterization of surface area and swelling properties.
A detailed analysis of the material’s structure and composition
was performed XPS, XRD, TGA and FTIR spectroscopy.
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Il. Experimental
2.1 Materials

The acetylated GO was synthesized according to the originally
reported method,* with some modifications as described by
Van Doorn et al.*® Typically, 1000 mg of Hummers GO (com-
mercial Abalonyx, Oslo, Norway) was mixed with 25 ml of dry
acetic anhydride and 60 ml of dry pyridine in an autoclave,
sealed under nitrogen flow and heated at 60 °C for 1 week.
The mixture was filtered with diethyl ether followed by several
cycles of washing with warm methanol and centrifugation
(10 min at 4400 rpm) and dried to produce powder samples.
Because GO swells in pyridine, the synthesis procedure did not
involve dispersion of GO but started from GO in powder form.
A reference experiment was performed without adding acetic
anhydride using only pure pyridine to exclude the possibility of
pyridine-functionalization of GO (Fig. S9, ESIt). Commercially
reduced Graphene Oxide (Abalonyx, Oslo) was used as a refer-
ence in some analyses. The precursor GO showed peaks of
carbon, oxygen and small impurities of sulphur and nitrogen.
C/O = 2.2 was found using XPS and excluding oxygen
from sulphate groups. No sulphur was detected in the acety-
lated material (AcGO). About 3.3% nitrogen was detected
in AcGO, which was assigned to pyridine impurities. A C/O
ration of 7.8 was calculated for AcGO by comparing the total
atomic percentage of carbon and oxygen. Assuming that
all nitrogen originates from trapped pyridine, there is some
excess carbon not related to functionalized graphene sheets.
Excluding the carbon from pyridine impurities, the C/O was
corrected to 6.3.

2.2. Characterization techniques

The as-synthesized acetylated GO was characterized using X-ray
photoelectron spectroscopy (XPS), thermogravimetric analysis
(TGA), BET analysis, X-ray diffraction (XRD), and Fourier-
transform infrared (FTIR) spectroscopy. The nitrogen sorption
isotherms were measured using a Quantachrome Nova 1200e
Surface area & Pore size analyzer at liquid nitrogen tempera-
ture. The relative pressure interval P/P, for the BET plot
was selected using a procedure optimized for microporous
materials.”® A slit-pore QSDFT equilibrium model was
applied to evaluate pore volume and pore size distribution. A
Panalytical X'pert X-ray diffractometer with Cu-Ko radiation
(/. = 1.5418 A) was used to record the diffraction patterns.
XPS spectra were recorded using a Kratos Axis Ultra electron
spectrometer equipped with a delay line detector. A mono-
chromatic Al-Ko. source operated at 150 W, a hybrid lens
system with a magnetic lens, providing an analysis area of
0.3 x 0.7 mm, and a charge neutralizer were used for the
measurements. The binding energy scale was adjusted with
respect to the Ci1s line of aliphatic carbon, set at 285.0 eV.
All spectra were processed with the Kratos software. TGA was
done by using a Mettler Toledo TGA/DSC1 STARe system.
Experiments were performed from room temperature up to
800 °C at a heating rate of 5 °C min~" under nitrogen flow
(50 mL min ).
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[1l. Results and discussion

The reaction of HGO with acetic anhydride was reported in
earlier studies to result in the formation of acetylated GO.*’
The reaction occurs due to the presence of hydroxyl groups on
the planes of graphene oxide and can be described as GO-OH
+CH;-COO-CH3;—GO-0O0C-CHj;. Swelling of GO in pyridine
leads to an increase in the interlayer distance sufficient for the
penetration of acetic anhydride between graphene oxide sheets.
Following original synthesis procedures,*® the synthesis was
performed using a powdered material without a dispersion
step. This procedure allows maintaining a better crystallinity
of the material, which is important for XRD characterization.
It also allows to avoid possible modification of the material’s
properties due to dispersion and re-stacking of individual
graphene oxide sheets, which was reported in some cases to
result in multilayered graphene oxide materials with distinctly
different properties.'® The orientation of acetyl groups
perpendicular to GO planes is expected to result in an increased
interlayer distance. The averaged interlayer distance can be
evaluated using the position of the d(001) reflection in the XRD
patterns (Fig. 1). As expected, d(001) increased from ~7.8 A
(recorded at ~15% humidity) in the precursor HGO to 10.0 A in
AcGO, as a result of acetylation. This is in good agreement with
the earlier report by F. A. Delacruz and H. Castro (10.9 A)* and
a more recent study by M. Rosaria Acocella et al.*® (8.9 A),
confirming the successful synthesis of AcGO. In addition to the
d(001) peak, AcGO exhibits a broad peak of unclear origin at
~3.7 A, in agreement with other reports.*’ This peak could
originate from disordered graphitic carbon, indicating partial
deoxygenation of the material.

To be sure that the GO was in fact acetylated, and not simply
functionalized by pyridine, a reference experiment was per-
formed under the same conditions with GO heated in pure
pyridine (no acetic anhydride). Pyridine functionalized GO
reported in some studies’” as not observed after the treatment
used in our experiments, no degradation of GO was observed

dof)=10A"
d(001)=7.8 A

Acetylated GO

Normalized intensity

Precursor GO

5 10 15 20 25 30
2Theta (°)

Fig. 1 XRD patterns of the acetylated GO and precursor GO in the angle
region around the d(001) reflection.
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due to the prolonged heat treatment. The sample of GO treated
in pyridine at 60 °C for one week showed d(001) = 7.8 A, which
is slightly lower compared to the precursor GO (Fig. S9, ESIf).
A very small change in d(001) shows that simple heating of GO in
pyridine did not result in the significant reduction of GO due to
heat treatment and did not result in a reaction with the solvent.
Therefore, the increase of d(001) value after reaction with acetic
anhydride can confidently be assigned to acetylation.

The interlayer distance of AcGO in the pristine and swollen
state was the only characterization presented in the early study
by F. A. Delacruz and H. Castro.”® On the other hand, the only
modern study of GO acetylation was mostly focused on a rather
different procedure and using a non-standard GO precursor.*’
C/O = 1.4 reported in this study for the precursor GO is much
lower compared to the standard range of C/O = 2.2-2.6” and
indicates strong over-oxidation and a high defect state of the
studied material.*

The chemical composition of AcGO prepared in our experi-
ments was evaluated using XPS (Fig. 2). The addition of acetyl
groups to GO is expected to result in an almost unchanged
oxygen content (one oxygen and two carbons added). However,
the relative amount of oxygen determined for the acetylated
material appeared to be smaller (C/O = 7.8) compared to the
precursor HGO (C/O = 2.2). We found that AcGO contained
3.3 at% nitrogen. Judging by the peak positions of the N 1s
spectra (Fig. S5, ESIt), the nitrogen most likely originates from
pyridine and/or pyrrolic functional groups.*®*° Assuming all
nitrogen to be in the form of pyridine and excluding carbon
from these molecules, C/O = 6.3 was calculated for AcGO.

Since the amount of oxygen decreased for AcGO, the reac-
tion with acetic anhydride results not only in acetylation but
also in the partial deoxygenation of GO. The O 1s part of the
XPS spectra recorded for GO and AcGO also shows a strong
difference, providing evidence for chemical modification
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Fig. 2 XPS spectra of precursor GO and acetylated GO (AcGO). (a) O 1s

spectra for AcGO, (b) C 1s spectra for AcGO, (c) O 1s spectra for GO and
(d) C 1s spectra for GO.
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(Fig. 2a and c). Two oxygen peaks are observed for AcGO, with
the peak at 531.5 eV originating from C—O in acetyl groups.
The second oxygen peak at 533.3 eV is likely due to the
remaining C-O-C.° The C 1s spectra of AcGO (Fig. 2b) is
different compared to the C 1s spectra of the precursor GO
(Fig. 2d), reflecting partial deoxygenation in the process of
acetylation. The C1s XPS spectra of GO show three major
components, which are typically assigned to C-C (285 eV, this
peak is likely to also include unresolved C-OH), C-O-C (287 eV)
and C—=O0 (288.5 eV).”* The XPS spectrum of AcGO shows a
much sharper peak at 284.4 eV from unoxidized carbon.® This
peak also includes the unresolved component due to C-H
groups. Several components in the C 1S spectra of AcGO are
not well resolved and difficult for non-ambiguous interpreta-
tion. The peak at 285.2 €V in AcGO is likely to originate from
carbon in acetyl groups, but could also overlap with peaks for
hydroxyls and peaks at 286.3 eV from epoxy groups.”” The peak
at 287.9 eV originates from C—O0. The survey scans of precursor
GO and AcGO are available in the ESIt (Fig. S8). It should be
noted that XPS data need to be considered with some caution
since it is a surface sensitive method. The composition of outer
layers might be different compared to the bulk due to, e.g., air
exposure.'

FTIR spectroscopy is an example of a method that can provide
information about the bulk of materials, with a typical penetra-
tion depth of ~5 pm. The spectrum of acetylated GO is distinctly
different compared to the spectra of precursor GO and reference
rGO, see Fig. 3. However, analysis of the spectra is complicated
by the unfortunate overlap of the main vibrational signatures of
acetylation with other peaks of GO that are typically rather broad.
For example, the peak of GO at ~1730 cm ™", typically consid-
ered as a vibrational signature of C=O0 of acetyl groups, is also
found in precursor GO. Peaks that can be assigned to acetyl
group vibrations are also found at 1250 ecm™' (vco) and
1365 cm ' (vc_y).>>>* Note that the peak at 1250 cm ™" is quite

1174 cm”! 1574 cm’

1730cm’”’

Reference rGO

’-—\—

X! Precursor GO

o ‘;\/\/ — |

g 1009 cm” \—‘

< 746 o j 1250 cm”!

- 685cm! \4”“\//\ Acetylated GO
]
815 cm™ 1365 cm’
500 1000 1500 3000 4000

Wavenumber (cm™)

Fig. 3 FTIR spectra of acetylated GO, precursor GO and reference rGO.
The spectrum of acetylated GO was magnified by a factor of x4 and
background corrected.
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Fig. 4 Raman spectra of acetylated GO, precursor GO and liquid pyridine.
Note that the spectrum for pyridine has been scaled down for easier
comparison.

weak, and is more like a shoulder on the more intense peak
centred around 1174 cm™ ', Another typical feature of acetylated
material is the broad flat peak in the region of 1350-1580 cm ™',
which has been observed in other reports as well.>*”* The same
broad region also overlaps with pyridine-like groups,® which
further complicates detailed analysis.

Raman spectroscopy is another method that gives informa-
tion about the bulk properties of a material (Fig. 4). Compared
to the precursor GO, there were some additional peaks for
AcGO located at 1025 cm™ ', 1208 cm ™ * and 1525 cm™ ', which
are likely related to pyridine impurities trapped in the GO
lattice. The change in peak position (e.g., the downshift from
1574 cm™ ' to 1525 cm ™ ') is an indication of covalent bonding
of pyridine to GO sheets. Notably, the strong peak due to
pyridine C-H vibrations is not observed in the Raman spectra
of AcGO, possibly due to effects of confinement.

The partial reduction of GO in the process of acetylation was
confirmed by the analysis of TGA data. The precursor GO has two
clear weight loss steps; the first one below 120 °C (~7%)
corresponds to water evaporation, the second one around
150-230 °C (~30%) is due to deflagration and removal of
oxygen-containing functional groups (Fig. 5). Decomposition of
the AcGO material starts at a somewhat lower temperature
of ~110 °C while the precursor GO is stable up to ~130 °C.
Unlike the precursor GO, the TGA trace of AcGO shows some
continuous weight loss over the broad region of 300-800 °C
(Fig. 5b). Three weight steps can be identified for AcGO using the
derivative of the TGA trace, the first one at 60 °C, the second at
248 °C and the third around 378 °C. The low temperature step
(~2%) is assigned to the loss of water and other solvents used in
the process of material preparation and washing. Excluding
water evaporation from the analysis, the total weight drop due
to loss of functional groups in the region of 110-600 °C is
approximately 25% for AcGO and 41% for the precursor GO.

This journal is © the Owner Societies 2020
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Fig. 5 (a) TGA traces of acetylated GO and precursor GO and (b) deriva-
tive plots of the TGA traces. The data for acetylated GO in the derivative
plot have been magnified by a factor of 5x for easier comparison.

The strongest weight loss is observed for AcGO at 248 °C and it
corresponds to deflagration and removal of oxygen groups from
the planar surface of GO sheets. The small step around 628 °C
likely originates from breaking C-H bonds. The weight loss step
III at 378 °C has no analogue in the precursor GO trace and its
origin is less clear. It may also originate from the evaporation of
covalently bound pyridine-related impurities revealed in the AcGO
material by FTIR spectroscopy, Raman spectroscopy and XPS.

To verify this hypothesis, we heated AcGO to 800 °C under an
air free condition using TGA and checked the sample composi-
tion with XPS. The results can be seen in Fig. S5 (ESIT) (N 1s
spectra) and Fig. S6 (ESIt) (C 1s and O 1s spectra along with
precursor GO). Survey scans of the samples can be seen in
Fig. S8 (ESIf). Indeed, about one third of the nitrogen was
removed by annealing (2.54 at% after heating compared to
3.3 at%). The reference sample of precursor GO heated under
identical conditions showed the absence of nitrogen in detect-
able amounts.

The amount of oxygen revealed in AcGO by XPS (C/O = 6.3) is
comparable or even smaller than that in thermally reduced GO

This journal is © the Owner Societies 2020
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(rGO), which typically shows C/O = 5-6. As a result of low
oxidation, rGO materials are hydrophobic rGO does not show
any swelling in polar solvents for C/O as low as 4." In contrast,
AcGO demonstrated an interlayer distance of ~10 A under
ambient air conditions and surprising swelling properties.
Acetylated GO immersed in acetonitrile shows an increase in
the interlayer spacing from 10 A to 15 A, thus demonstrating
significant swelling (Fig. 6). The difference of 5 A is similar to
the swelling of standard GO (~7.5 A to 13.5 A at ambient
temperature). Note that the insertion of one layer of acetonitrile
into the GO structure results in an increase of d(001) by 3.5 A as
verified using temperature dependent phase transitions in
Brodie graphite oxide.*® However, in Hummers GO, intercala-
tion of acetonitrile does not occur layer by layer due to the
effects of interstratification and intrastratification.>® Therefore,
the increase of d(001) by 5 A observed for AcGO in acetonitrile
corresponds to the formation of one- and two-layered solvate
structures complicated by interstratification. AcGO exhibits no
swelling in hexane similarly to standard GOs, which do not
swell in non-polar solvents.

In situ XRD observations of AcGO immersed in an excess of
water showed no swelling even over long periods of time,
demonstrating only a relatively small shift of d(001) from
9.19 A to 8.78 A after one hour of immersion, see Fig. 7.

The precursor GO immersed in water shows an increase of
d(001) up to ~13 A. d(001) = 8.78 A found for AcGO immersed
in water is higher than the value for precursor GO (7.8 A) but
smaller compared to solvent free AcGO (10 A). It is expected
that at least some acetyl groups will be converted back to
hydroxyl groups when AcGO is exposed to water. The data
shown in Fig. 7 demonstrate that the immersion of AcGO in
water does not result in the complete degradation of AcGO or
recovery of original GO. Note that the synthesis and handling of
AcGO was performed here under moisture-free conditions,
which was likely not the case in the only other modern study
of GO acetylation, as indicated by a similar d(001) = 8.9 A, and

{1 Acetylated GO Acetylated GO |
> in acetonitrile in hexane
= d(001) = 15 A d(001) =10 A
[« 4
[}
)
=
3 | Acetylated GO |
N dry powder
© A d(001)=10A
S
—
o
zZ

4 6 8 10 12 14
2Theta (°)
Fig. 6 Insitu XRD pattern recorded of acetylated GO in an excess of liquid

acetonitrile and hexane.
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Fig. 7 (a) In situ XRD pattern recorded of acetylated GO in an excess of
liquid water with a time interval of 10 minutes, and (b) summary of
interlayer spacing based on the peak positions in (a). The data in (a) have
been background subtracted and smoothened using adjacent averaging.
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the absence of information about avoiding moisture in the
description of experimental details.*®

The unusual swelling properties of AcGO (Fig. 6 and 7) are
distinctly different compared to the swelling of the standard
precursor GO. GO is known to swell in most polar solvents
including both water and acetonitrile. It should be noted that the
exact degree of GO swelling depends on the synthesis method
but standard GO always shows rather strong swelling in water.
Strong interaction with water also makes GO suitable for the
preparation of aqueous dispersions. It is interesting to note that
swelling of acetylated GO was reported for the first time back in
1966 and d(001) values were reported for several alcohols
(e.g., 11.78 A for methanol and 13.59 A for propanol), ketones
(~12-14 A) and acetic acid (14.72 A). However, no data for water
swelling, stability in water or analysis of sample composition
were reported in this very short communication.’® The only
modern study of acetylated GO known to us did not report any
swelling data.*’

One of the initial motivations to study acetylated GO was the
possibility that an expanded lattice in combination with a
scarce population of oxygen groups on oxidized graphene
planes could provide an opportunity for a porous pillared
structure. According to the definition of pillared graphene or
pillared GO structures adopted in our studies,*® the pillaring
must be distinguished from simple intercalation using the
analysis of gas-accessible specific surface area (SSA). An inter-
connected pore network provided by unoxidized areas of GO
and supported by some pillaring molecules must be accessible
for nitrogen sorption. Analysis of nitrogen sorption isotherms
allows evaluation of the SSA and pore size distribution analysis.
A true pillared GO structure must provide not only a relatively
high SSA value but also a narrow pore size distribution with a
pore size in agreement with the expected slit pores provided by
the length of pillaring molecules or particles. Only very few
examples of true pillared GO structures that satisfy these
requirements (a high SSA and slit pore size matching the size
of pillaring units) are known to date.****%”

The surface area of AcGO was evaluated using analysis of
nitrogen sorption isotherms to verify if the structure can be
considered as truely “pillared”. Taking into account the lower
thermal stability of AcGO compared to the standard GO, the

21064 | Phys. Chem. Chem. Phys., 2020, 22, 21059-21067

View Article Online

PCCP

degassing procedure required for the exact evaluation of SSA is
not trivial. Heating using too low a temperature will result in
incomplete degassing while too high a temperature may result
in degradation of the material. An incorrect choice of degassing
temperature may result in either a decrease of surface area
(e.g, due to the collapse of pores) or an increase of surface area,
e.g., due to the formation of rGO. Therefore, four different
outgassing procedures were used: room temperature (RT)
under vacuum for 24 h; 110 °C under vacuum for 16 h;
130 °C under vacuum for 16 h and 130 °C under vacuum for
16 h. Nitrogen sorption isotherms and pore size distributions
are available in the ESIt (Fig. S1 and S2). XRD patterns recorded
of AcGO samples degassed using a progressively higher tem-
perature showed that the structure was preserved after anneal-
ing at least partly. A slight decrease in the interlayer spacing,
from 9.5 A to 8.8 A, and an increase of relative intensity of the
broad feature at around 3.7 A indicate that heating above
110 °C is not desirable for degassing.

The results of the N, sorption isotherm analysis are sum-
marized in Fig. 8. Outgassing at room temperature results in a
neglible SSA (BET SSA ~10 m” g~ '). Increasing the degassing
temperature up to 110 °C results in a higher SSA of ~166 m* g™*
(cumulative DFT SSA = 77 m®> g '). A further increase of
temperature up to 150 °C does not increase the SSA. However,
the surface area of ~170 m* g~ ' cannot be confidently assigned
to the formation of a pillared AcGO structure.

Considering an interlayer distance of 10 A and a van der
Waals distance in graphite of ~3.5 A, the pillared structure had
to provide a rather narrow pore size distribution with slit pores
of maximum ~6 A. Considering the difference between inter-
layer distances of precursor GO (~7.5 A under dry conditions)
and AcGO (10 A), the minimal size of the slit pores can be
estimated as 2.5 A. However, the pore size distribution found in
our experiments for AcGO degassed at elevated temperature
is rather broad and originates from pores with diameter over
~15 A. This type of pore size distribution is more typical of
finely dispersed materials with only the outer surface available
for gas sorption, e.g., for various rGO materials. Note that the
pore size distribution cannot be accurately determined when
the surface area is small. It can be concluded that AcGO has no
interconnected pore network and cannot be considered as a
true pillared structure depsite significant expansion of the
interlayer distance compared to GO and relatively low oxidation
degree. The absence of an interconnected pore network possi-
bly contributes to the difficulty in removing the residual
pyridine, which gets trapped in the AcGO lattice, as evidenced
by Raman and FTIR spectroscopy.

The structure of the precursor GO is non-stoichiometric with
disordered oxygen containing functional groups. Therefore, all
chemically modified GO materials are also strongly disordered
and impossible to model precisely. The same also applies to
AcGO, which shows only peaks from the 00/- set, from the
in-plane lattice of the graphene skeleton, but no reflections
providing information about oxygen functionalities (Fig. 1).
Nevertheless, structural models of an idealized structure of
AcGO could help to understand the main properties of this
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Fig. 8 (a) BET SSA measured for the acetylated GO using nitrogen
isotherms as a function of temperature and (b) pore size distribution
calculated using the QSDFT model.

material. The models were constructed to respect usual stereo-
chemical constraints (on bond distances, angles, etc.) without
any energy minimization involved. A structural model consistent
with the observed inter-planar distance of 10 A suggests a close
packing of acetyl-groups that is reminiscent of a molecular crystal
(Fig. 9a). The close packed structure of AcGO with a negligible
intra-lattice surface area and interlayer distance of 10 A is in very
good agreement with the experimental results. The model
assumes that the precursor GO structure has equal numbers of
epoxy and hydroxyl groups and all hydroxyl groups are acetylated
in AcGO. This model structure shows C/O = 2 and the absence of
a porous network between GO layers.

The model with C/O = 6 (Fig. 9b) is closer to the experi-
mental composition of AcGO found in our study by XPS.
This model is constructed by removing all epoxy groups and
demonstrates an interlayer distance of ~7.5 A, which is smaller
compared to the experimental value. It should be noted here
that XPS provides only information about composition of the
surface layer, which can be chemically altered in both GO and

This journal is © the Owner Societies 2020
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Fig. 9 Structural models of AcGO: (a) ideal structure with maximal
acetylation; (b) partly reduced AcGO (epoxy groups removed) with the
C/O ratio close to the experimental one. Note that C/O ratios are based on
the atomic percentage of the elements.

AcGO when exposed to air and moisture.’” On the other hand,
the partial reduction of GO in the process of acetylation is also
evident from bulk analysis by TGA. The weight loss due to
thermal deflagration is about two times smaller in AcGO as
compared to the precursor GO. We believe that the AcGO
material obtained in our experiments is not homogeneous
and might include both strongly acetylated material (as
evidenced by XRD with d(001) = 10 A and some reduced GO
(the broad peak around 3.7 A)).

IV. Conclusions

In summary, reacting graphite oxide with acetic anhydride
results in the expansion of interlayer distance up to 10 A and
partial reduction of graphene oxide sheets. Despite a surpris-
ingly low oxidation degree more similar to rGO (C/O = 6), AcGO
shows significant swelling in polar solvents. AcGO swelling in
acetonitrile results in expansion of the lattice by ~5 A, which is
similar to the precursor GO. However, no swelling in water was
found for AcGO. The remarkable example of selectivity in
sorption of common polar solvents and stability of AcGO under
ambient conditions provide the possibility to use it for the
preparation of multilayered membrane materials with poten-
tially selective permeation of solvents. The thermal decomposi-
tion of AcGO results in the formation of rGO with a rather low
amount of oxygen (C/O = 60). The expanded interlayer distance
of AcGO in combination with a low oxidation degree does not
result in the formation of a structure with an interconnected
pore network, as evidenced by the negligibly small (~10 m* g™ )
nitrogen BET surface area.
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