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Tuning the Interlayer Distance of Graphene Oxide as a
Function of the Oxidation Degree for o-Toluidine Removal

Eleonora Pargoletti, Marco Scavini, Saveria Santangelo, Giovanni Consolati,
Giuseppina Cerrato, Martina Longoni, Salvatore Patané, Mariangela Longhi,*

and Giuseppe Cappelletti

Graphene oxide (GO) with different oxidation degrees is prepared by a
modified Hummers’ method varying KMnO, amount from 0.5 to 6.0 g. X-ray
powder diffraction (XRPD), micro—Raman, thermogravimetric analysis, X-ray
photoeelectron spectroscopy, Boehm titrations, high-resolution transmission
electron microscopy, and, finally, positron annihilation lifetime spectroscopy
(PALS) are exploited to assess the properties of GO. Results show that
increasing oxidant species can tune the interlayer gap between GO sheets up
to a maximum value in the case of 4.0 g KMnO, content. Moreover,

these results validate the two-component-based model of GO in which, at low
oxidation degree, there are unsplit/isolated graphene planes, instead at
higher oxidant amounts, a five-layer sandwiched configuration occurs
comprising graphene planes having functional groups decorating the edges
(bwGO), hydrated oxidative debris (OD) and “empty” spaces (revealed by
PALS as the distance between (bwGO + OD) two-component layers). In
addition, by XRPD analysis, the total gap between two sheets is easily
computed. In order to correlate these findings to pollutant removal capability,
planar o-toluidine adsorption is studied. Since this molecule diffuses in an
aqueous environment, the obtained adsorption percentages are compared to
the thickness of the hydrated OD grafted onto bwGO. A strict connection
between the pollutant removal efficacy and the variation of the hydrated
interlayer distance is found.

1. Introduction

Since the discovery of graphene ox-
ide (GO) in the 19th century, many
researchers have focused their atten-
tion on exploring its remarkable po-
tential for different applications."** In-
deed, this 2D material possesses very
interesting electronic, thermal, optical,
and mechanical features.>7! In addi-
tion, its main advantage with respect
to pristine graphene is the presence of
an electronic band gap thanks to the
oxygen-containing functionalities intro-
duced by chemical treatment.®?) No-
tably, the decoration of graphene sheets
with oxygen groups also provides op-
portunities to tune the aforementioned
properties by controlling the oxidation
degree.l'1%-13] However, the structure and
chemical compositions of GO are still
under debate since several hypotheses
have been formulated up to now. Ac-
cording to the available literature,[1!1415]
GO shows oxygen species mainly in the
form of hydroxyl and epoxy groups, with
a very small contribution of carbonyl and
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carboxyl ones, which predominantly decorate the edges of the
graphene sheets. Moreover, Johari et al.l') stated that all chemical
formulas of GO, obtained experimentally, describe up to ~75%
of graphene coverage as the combination of sp? and sp? carbon
bonds. The sp? hybridization is related to the carbon atoms as-
cribable to both C=C bonds (between neighboring carbon atoms)
and C bonded with oxygen in the form of carbonyl or carboxyl
groups. Conversely, sp® hybridization is related to C—C and C-O
bonds in epoxy and/or hydroxyl groups.

Therefore, the presence of these moieties guarantees the
GO utilization in membranes and in the removal of non-
biodegradable dyes, recalcitrant and emerging pollutants (such
as methylene green,'®! rhodamine B,['’! tetracyclinel’®! and
bisphenol A“")) and heavy metals (e.g., Cd**, Cu’* or
Pb2*H20-22l) " Actually, the high number of oxygen functionalities
provides a low point-of-zero charge (pzc) and, at pH above 7,
a strong negative surface charge for GO, activating the electro-
static interactions with the positively charged adsorbates. These
interactions also comprise the hydrogen bonding between hy-
drogen atoms and highly electronegative atoms (such as oxygen,
nitrogen, and fluorine) of the possible pollutant molecules. Fur-
thermore, the sp? carbon bonds can give rise to z—r interactions
with the benzene rings of the potential pollutants,)] and even
create the cation—z bonding with metal ions/protonated amino
groups.?*] This unique capacity boosts the excellence of GO as a
hot spot for the removal of contaminants in aqueous media.[2>2]
For instance, Xu et al.®®! investigated aqueous toluidine blue re-
moval by GO/bentonite composite material, resulting in a signifi-
cant improvement of the adsorption capacities of the natural clay,
thus paving the way for the design of promising advanced ad-
sorbents. Parallelly, GO-based membranes have been recently re-
ported to exhibit prominent permeation properties toward gases,
liquids, and vapors.[?”28] For example, micrometric-thick mem-
branes have been demonstrated to be selective and highly per-
meable to water molecules.>?! Indeed, owing to the unique
GO atomic-thin nanosheets assembled into 2D-nanochannels,
graphene oxide-based membranes can be very successful for the
precise ionic and/or molecular sieving of aqueous solutions.?"]

In both the previous applications, the final behavior can be tai-
lored by varying the oxidation degree and, hence, the interlayer
distance between GO sheets plays a fundamental role. Several
authors already investigated the different oxidation degrees of
graphene oxide.’1*2] They evidenced the correlation between this
parameter and the GO intrinsic electrochemical properties,3] its
optical features, and the electrical resistancel*!! but without a di-
rect application, as for molecules intercalation, electrocatalysis,
etc. Moreover, Sakthivel et al.l'% gave an insight into the assess-
ment of the GO interlayer distance with the increase of the ox-
idation degree i.e., by increasing the amount of oxidizing agent
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in the synthetic route. They found that GO prepared by using
the greatest amount of potassium permanganate in the modified
Hummers’ method (namely 8.0 g) leads to almost complete re-
moval of aqueous methylene blue. Nevertheless, so far, a possible
relationship between the GO interlayer distance and the material
adsorption capacity has not been discussed yet.

Herein, we report a deep analysis of the modification of the
GO properties by increasing the oxidation degree, focusing on
the interlayer gap by means of several physicochemical tech-
niques, including the innovative positron annihilation lifetime
spectroscopy (PALS). Finally, to the authors’ best knowledge, a
correlation between the peculiar GO features and the materials’
adsorption capacity toward o-toluidine, chosen as a representative
molecule among harmful aqueous pollutants, is discussed for the
first time. Actually, this aromatic amine is known to possess car-
cinogenic properties for animals and humans, even at low con-
centrations, and it is present in the environment due to its large
use, for example, as precursors of azo-dyes, in the rubber indus-
try and pharmaceutical productions.[**3*] Therefore, the fabrica-
tion of an efficient adsorbent/intercalating material is one of the
current issues to be solved and is of crucial importance for both
environmental and healthy perspectives.

2. Results and Discussion

2.1. Structural, Morphological, and Surface Properties of
Differently Oxidized GO

With the purpose to unveil the role played by potassium perman-
ganate as an oxidizing agent in the Hummers' method, the syn-
thesized powders were finely investigated from different physic-
ochemical points of view.

Figure 1a shows the relative X-ray powder diffraction (XRPD)
patterns with evidence of the main Bragg’s peaks together with
the corresponding Miller’s indexes. The pattern of the GO_0.5
sample displays a large bump centered at 20 ~ 16.4°, with a very
small peak at a smaller angle (at #11.5°, Figure 1b). These can be
ascribable to the incipient formation of a GO phasel*l; the very
tiny peak labeled with a star could indicate the insertion of water
in a few GO zones.[*) It is followed by a reasonably sharp (002) .,
reflection at 20 ~ 26.3° that dominates the patterns, highlighting
that graphite is the principal crystalline phase in this sample. The
presence of (100)cy and (110)cy peaks in the 42-44° 20 range
evidences the good crystallinity of the graphite phase (Figure S1,
Supporting Information). Moving to GO_2.0 powder, the (002).5
peak disappears, whereas the (001), reflection shifts to smaller
angles (20 ~ 12.5°), sharpens and enlarges its intensity, thus
dominating the XRPD pattern. This asymmetric peak may
indicate that GO accommodates water molecules not uniformly
with a larger amount of more hydrated planes. Indeed, the peak
at ~12.5° dominates and the other one is a simple shoulder (see
Figure 1b). In the patterns of samples GO_4.0 and GO_5.0, the
reflection (001) remains asymmetric, but it moves gradually to
slightly smaller 260 angles and asymmetry tends to decrease until
it disappears in GO_6.0. This fact highlights how an increased
amount of KMnO, could induce a raise of water amount in GO
reaching a maximum in GO_6.0, while the shift of the peak max-
imum might be due to a slight increment of basal spacing.*!
Concomitantly, the (002)cy gets smaller and disappears.
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Figure 1. a) Comparison of XRPD spectra relative to graphite and all the synthesized GO powders. b) Focus on 10-20° 20 range. c) ¢- and d) a-axes
values trend with the increase of the oxidation degree (i.e., KMnO, amount increment).

Interestingly, the trend of the (001), peak position on increasing
the KMnO, amount is inverted in the GO_6.0 sample. However,
this apparent incongruence is justified considering that in this
case there is only one peak and not a peaks combination as in
the other samples. By using the hexagonal structure of graphite,
as a reference, ¢ and a-axes of the different GO were plotted
and reported in Figure 1c,d. In particular, the c-axis corresponds
to the interlayer distance between two consecutive graphene
planes. Being asymmetric, the (001), peak was fitted adopting
two pseudo-Voigt functions and the most intense peak was
considered to compute c-axis values (Figure 1c). Notably, passing
from GO_0.5 to GO_4.0, the interlayer distance increases until a
maximum and slightly decreases for sample GO_6.0. Figure 1d,
instead, exhibits the trend of the g-axis. Particularly, in GO_0.5
the value of 2.458 A reflects the graphite-like nature of this
sample, whereas in GO_2.0 it expands (~2.468 A) remaining
almost the same in all the other powders. Moreover, the increase
of the a-axis reflects the expansion of the in-plane C—C distance
d(C-C);, with the increase of the amount of the oxidizing agent:
in GO_0.5 the d(C-C);, is ~#1.419 A as in pure graphite, whereas
in the other GO samples, the calculated d(C-C);, is 1.425 A
This small bond expansion may be considered an indirect probe
of the partial loss of aromaticity in the graphite-like planes of
GO Dbecause of the greater oxidation degree. It is noteworthy
to highlight that oxidation should push C hybridization toward
some sp® character, thus causing the buckling of the graphene
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planes. In this case, the actual increase of C-C interatomic
distances should be even larger than our rough estimation.

To corroborate these observations, micro-Raman, thermo-
gravimetric (TGA), and x-ray photoelectron spectroscopy (XPS)
analyses were performed. Figure 2 displays the results of the
micro-Raman analysis. The spectrum of GO_0.5 is very differ-
ent from that of crystalline graphite and closely reminds that of
defective one (Figure 2a). The spectrum of crystalline graphite
is dominated by a narrow band at 1582 cm™! (G-band) and by a
composite band centered at #2700 cm™" (G’-band). The former,
commonly regarded as the Raman fingerprint of the graphitic
crystalline arrangement, arises from the E,, symmetry stretching
mode of all sp? bonded C=C pairs.*’] Instead, the latter, sensitive
to the stacking order,[*®! results from the superposition of two
components that reflect the splitting in the z-electrons dispersion
caused by the strong interaction between the basal planes. A very
weak band at 1346 cm™ (D-band) is further detected due to fi-
nite size effects that break the basic translational graphene-sheet
symmetry and relax the selection rules.I*] In defective graphite,
all bands broaden due to the increase of structural disorder and
the D-band intensifies strongly. As the 3D ordering in the lat-
tice is partially lost, a third component, associated with the long-
range 2D ordering, begins to contribute to the G’-band intensity,
indicating the co-existence of 2D and 3D graphitically ordered
phases.[*®#’] In nanocarbons with solely 2D ordering, character-
ized by weaker basal plane interaction, only the latter component

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

85U8017 SUOWILLIOD @A 118810 3|cedldde ayy Aq peusenob a1e so ol YO ‘8sh Josa|n. 10} ARiq1T8UIIUO A1 UO (SUONIPUCD-PUB-SULBI WO A8 | 1M ARIq 1 BUI|UO//SANL) SUORIPUOD PUe SWiB | 8U1 88S *[£202/20/6T] U0 AkeiqiTaulluo A8IM ‘ONY 1IN 1A ODINOILITOd Ad 6/T00EZ0Z" IWPe/Z00T OT/I0P/W00 A8 | 1M AeIq Ul |uo//Sdny WOy papeojumod ‘0 ‘0SEL96TZ



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
INTERFACES

Open Access,

www.advancedsciencenews.com

www.advmatinterfaces.de

(a) 7 _
D Graphite
—— Defective graphite
3 ——GO_05 3
O ~
Sy
> Z
.g 8
g 2
E E
T T T T T T T T T T T T
500 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500
Raman shift / cm™ Raman shift / cm™
1.6 5 80
_ 13604 (€) I o (d) | 3 (e) S
£ o O S T > e -
—~ ¢ b e 5 14 ‘E 60+ S0
> 1355+ T 4 < ®
) c ' ¥ 4 °
s / [ \ c 3
] ’ ‘-’ \ - ’
3 . £124 o 401 !
8" 1350 ;! 5 i 2
& : € X = /
e . B \ ° ’
c f \ - _ ~ 204 ’
S 1345{ | Q 1.0 L W ¢---¢---e | B /
1340 e 08 ——— s
o 1 2 3 4 5 6 0 2 3 4 5 6 0o 1 2 3 4 5 6
mKMnO‘I ] mKMnO‘ / g mKMnO‘ / g

Figure 2. Results of micro-Raman analysis. a) Spectrum of sample GO_0.5 compared with those of highly crystalline and defective graphite. b) Spectral
evolution caused by the increase of KMnO,. c—e) Main parameters inferred from the spectra fitting as a function of the KMnO, amount: c) D-band

frequency position, d) D/G band intensity ratio, and e) PL-band relative intensity.

contributes to the intensity of the G’-band.***’] The lower fre-
quency region of the spectrum of GO_0.5 is featured by a very
intense D-band; in the higher frequency region, in addition to
the G’-band (also known as 2D-band as it is ascribed to the over-
tone of the D-band*’l), two broad bands are detected at 2940
and 3170 cm™!. The latter, known as the 2G-band, is attributed
to the overtone of the G-band, while the former is a combina-
tion ((D + G) band).[*?! Figure 2b shows the spectral evolution
caused by the increase of KMnO,. Compared to the spectrum of
GO_0.5, all bands in the spectra of the remaining samples appear
broadened and the intensity of the D and 2D bands is weaker. Be-
sides, starting from sample GO_2.0, a photoluminescence (PL)
background appears and progressively intensifies with the in-
crease of potassium permanganate up to 5.0 g; then, it slightly
weakens.

In order to infer additional information on the sample
microstructure, the spectra were quantitatively analyzed by
following literature references.[*?l Gaussian bands were used
to reproduce the spectra (Figure S2a, Supporting Information).
The main results obtained are shown in Figure 2c—e. The
D-band significantly upshifts moving from sample GO_0.5 to
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GO_2.0 (Figure 2c¢). The frequency position of the band further
increases with the increase of the oxidizing agent amount up
to 4.0 g, then it starts to decrease, showing a trend similar to
that of the interlayer distance ¢ (Figure 1b). The upshift of the
D-band is commonly understood as the effect of the electron
transfer from the x states in the carbon network to the oxygen
atoms introduced by the oxidizing agent.*¥] The band moves
toward higher frequency with the increasing of the oxidation
degree, which explains the similarity with the changes in the
c-axis produced by the accommodation of oxygenated species
between the graphite-like planes of GO.[*! The relative inten-
sity of the D-band undergoes a drastic decrease moving from
sample GO_0.5 to GO_2.0 (Figure 2d). Any further increase in
potassium permanganate causes no other variations. The trend
is analogous to the one observed for the lattice parameter related
to the in-plane C-C distance (Figure 1c), which is not surprising
as the disorder-activated band is associated to the A, symmetry
in-plane breathing mode of the C hexagonal rings.[**! Since only
the sp? defects contribute to the D-band intensity,[*’! its decrease
is understood as due to the increase in non-sp? defects,*"l in
line with the partial loss of aromaticity in the graphene planes of
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Figure 3. a) Thermogravimetric curves. Maximum temperatures of the TGA first derivatives are relative to the weight loss in the ranges b) ~200-250 °C
(T"") and c) ~#400-600 °C (T'"’), with the increase of the oxidation degree (i.e., KMnO, amount increment).

GO as a consequence of the greater oxidation degree, previously
inferred by XRPD analyses. In sample GO_2.0, a PL band
appears centered at ~1.88 eV (660 nm, Figure S2b, Supporting
Information). The band progressively intensifies as the amount
of oxidant increases up to 5.0 g and then its intensity decreases
slightly (Figure 2d). As a zero-bandgap material, pure graphene
does not exhibit PL. As it is oxidized to form GO, its structure is
distorted and a sp® component is introduced in the C bonding.
The consequent disruption of the z-electron network of the car-
bon atoms opens a gap between the valence and the conduction
bands and introduces a broad distribution of disorder-states with
lower energy than the z—z* gap. These disorder-induced states
are responsible for the broad PL band in the visible range (long
wavelength or LW band).°!! Then, if GO is reduced, both the sp* C
bonding component and the number of disorder states decrease,
while confined sp? C clusters form having higher energy than
the disorder states. As a result, a new PL band appears at a lower
wavelength.’®5!l Here, the increase of the PL-band intensity
reflects the increase in the number of disorder-states and, thus,
indirectly monitors the increase in the oxidation degree obtained
by increasing the quantity of KMnO, adopted to produce GO by
the modified Hummers’ method. The small intensity decrease
observed in sample GO_6.0 might be due to the detachment of
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oxidative debris (OD)% in the presence of a higher disruption
level of the pristine carbon network, resulting in an apparently
lower oxidation degree. Indeed, a linear correlation (Figure S2c,
Supporting Information, R? = 0.974) is found between the
relative intensity of the PL band at 1.88 eV and the interlayer
“empty” distance measured by the PALS technique (see below).
Thermogravimetric analysis data, displayed in Figure 3a, re-
veal the typical behavior of graphene oxide powder. Indeed, three
main weight losses are appreciable: i) the first one (T") due to wa-
ter loss (between 60 and 110 °C)%?; ii) the second one (T”’) show-
ing a ~#20% loss at %200 °C, which corresponds to the decompo-
sition of the labile oxygen-containing groups with the generation
of CO, CO,, and water>]; and iii) the most intense one (T""'), at
~480°C, caused by the = carbon bonds breaking in the hexago-
nal structure, thus indicating its thermal decomposition.>l TGA
curves are very similar to each other except for that of GO_0.5,
which displays the smallest weight loss in the first region, in ac-
cordance with XRPD data showing that GO_0.5 accommodates
few water molecules, and an uncertain weight loss of #5% in the
second region (T"’). Conversely, the other samples exhibit in T"'
region a well-defined weight loss, of ~#23-24% without a real de-
pendence on the amount of permanganate used in the synthe-
sis. This variation underlines that oxygen functionalities content
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Figure 4. Core level high-resolution spectra relative to a) Cls and b) O1s regions. c) C-O, C—-OH-peak, and d) C(sp?)/C(sp) ratios (between counts of
each peak and the total counts, from the deconvolution of the C1s region) with the increase of the oxidation degree.

increases from GO_0.5 to GO_4 till the achievement of a sort
of plateau for GO_5 and GO_6. The third region shows simi-
lar weight losses for all samples (x50%) apart from GO_0.5 one
(~80%). This difference is ascribable to the fact that GO_0.5 is
much more similar to the starting graphite and the structural in-
teractions are quite different from those of the other samples.
By computing the first derivative of the curves in correspon-
dence with the two major losses, that is, at 200 (T"’) and 480
(T"") °C, two interesting behaviors can be noticed that confirm
the previously reported outcomes. Figure 3b shows the second
loss temperature trend with respect to the amount of KMnO,
used. Notably, by increasing the GO oxidation degree, the tem-
perature at which oxygen-containing groups are decomposed de-
creases (by #10 degrees), reaching a sort of minimum for GO_4.0
and GO_5.0 and increasing again in GO_6.0, roughly replicat-
ing the trend observed by analyzing the micro-Raman spectra
(Figure 2c). Figure 3c evidences that the temperature related to
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carbon bonds breaking gradually reduces passing from GO_0.5
(~630°) to GO_6.0 (~480°): this behavior is consistent with the
higher reactivity of GO samples with decreased sp? hybridization
in favor of non-sp? onel>®33] (as signaled by the decrease of the
relative intensity of the D-band).

In addition, even XPS and Boehm titrations support previous
observations. High-resolution spectra with the relative deconvo-
lution peaks of both carbon (C 1s) and oxygen (O 1s) regions are
reported in Figure 4a,b, together with the corresponding data in
Table S1 (Supporting Information). As far as it concerns the C
1s core level high-resolution spectra of the different GO samples
(Figure 4a, Table S1, Supporting Information), five components
are ascribable to the carbon atoms in different functional groups.
In particular, the C—C sp® band appears at ~283.5 eV, the C-C sp?
at ~284.4 eV, the C in C-O, C-OH bonds at ~286.0 eV, the car-
bonyl C=0, epoxies, quinones, and lactones combined with lactol
at graphene edges at 287.0 eV and the carboxylate carbon O=C-O
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Table 1. Average basic functional group concentrations for all the synthe-
sized GO powders determined by Bohem titrations on three replicates.
Specific surface area (Sggy) and total pores volume (Vig;. pores) by BET-BJH
analysis.

Sample Chasic groups / [M€q 87'] Sger /[m? g7] Viot. pores / [em® g7']
GO_0.5 600 + 100 10 0.030
GO_2.0 600 + 200 7 0.013
GO_4.0 320 + 20 22 0.021
GO_5.0 170 + 80 24 0.020
GO_6.0 300 + 100 16 0.023

at 288.7 Ev.53* Only graphite exhibits a single peak at 284.4 eV
relative to C—C sp? bonds. Similarly, the O 1s region (Figure 4b,
Table S1, Supporting Information) consists of four different com-
ponents relative to C=0 (at 529.7 eV), O-C-O (at 531.5 eV), -OH
(at 532.5 eV) and chemisorbed H,O molecules (at 533.5 eV).[>>5¢]
Figure 4c,d displays the percentage of C-O, C-OH bonds (con-
sidering the C 1s region) with the increasing KMnO, amount, as
well as the variation of the ratio between C sp® and C sp?.5] In
the former case, a rise till the plateau is clearly observable, espe-
cially for GO_4.0, GO_5.0, and GO_6.0, corroborating once again
a higher and comparable oxidation degree for these samples. In-
stead, by analyzing C(sp®)/C(sp?) ratios, a minimum can be no-
ticed for GO_4.0 powder followed by a further increment for the
higher oxidated graphene oxides. As such, GO_5.0 and GO_6.0
seem to have a greater content of oxygen-containing functional-
ities — this is in accordance with the total oxygen percentage ob-
tained from the survey: 29.2% and 28.1%, respectively — to the
detriment of C sp? bonds.

An analogous discussion can be done by analyzing Boehm
titration data (Table 1, second column). This method, developed
for active carbon, relies on the principle that oxygen groups on
carbon surfaces have different acidities and, therefore, can be
neutralized using bases of different strengths. Specifically, the
strongest one (NaOH) was used to titrate all Brgnsted acids (in-
cluding phenols, lactonic groups, and carboxylic acids), sodium
carbonate to neutralize carboxylic and lactonic groups and, fi-
nally, sodium bicarbonate to determine carboxylic acids. There-
fore, the difference between the uptake of two bases can be used
to identify and quantify the types of oxygen-containing groups
present on the carbon surfaces. Conversely, to determine the con-
centration of basic groups, hydrochloric acid was adopted. De-
spite the simplicity of the procedure, the acidic groups’ deter-
mination experienced several issues. In some cases, the num-
ber of acidic groups with intermediate pK, (typically lactone-
like functions) obtained by subtraction according to the Boehm
method,[*] was less than zero thus giving a non-sense result.
This outcome seems to suggest that samples in sodium bicar-
bonate have more acidic groups than in carbonate, and therefore
there is an overestimation of acidic functions with small pK, (i.e.,
carboxylic-like groups).

An attempt to rationalize this behavior starts by considering
the existence of different models that describe the structure of
GO. Indeed, in addition to the well-established one based on con-
sidering GO as a one-component material in which there is a
coexistence of carbon sp? islands and sp? carbon region featur-
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ing oxygen-containing functionalities,*®! a more complex model
based on a two-component description has been proposed!>*!: the
first one is graphene with low oxidation degree showing func-
tional groups decorating the edges of its plane (bwGO), insolu-
ble at any pH, whereas the second one is oxidative debris (OD),
composed of humic-like substances (insoluble at pH greater than
2) and fulvic-like fragments (soluble at any pH).[*! This debris
strongly adheres to the graphene plane by means of z—r stack-
ing and hydrogen bonds.*®) The presence of these two com-
ponents can be seen in the high-resolution transmission elec-
tron microscope (HR-TEM) images of our more oxidized sam-
ple (Figure 5e; Figure S3b, Supporting Information): notably,
graphene planes are combined with “messy” sheets with some
apparent dots (OD),!% barely appreciable in GO_0.5 sample
(Figure S3a, Supporting Information). Furthermore, this model
sheds new light on TGA results since, in this case, the T"' re-
gion could be attributable both to the decomposition of the labile
oxygen-containing groups and to the conversion in CO, CO,, and
H,0 of OD and T"”’ to the decomposition of bwGO.[**! While
in GO_0.5 the relative percentage of OD is ~#6%, confirming its
scarce presence in this material, in the other samples GO is com-
posed of #32% OD and x70% bwGO, in accordance with litera-
ture data.l®*¢!l Furthermore, these two components can be easily
separated by means of alkaline treatment, since the increase of
pH increases the negative charge on the deprotonated debris re-
pelling them from the graphene planes.l*! Therefore, this strip-
ping process needs an alkaline solution to occur, albeit a pH ~7
is sufficient to induce an OD leaking, in a longer time (more than
20 h).1% Finally, OD in solution tends to aggregate: at higher
pH, a lower aggregation tendency occurs; whereas, at lower pH
(~2) this tendency increases.[!] Herein, in the first 24 h equili-
bration step of Boehm titrations, OD is released in the solutions
of NaHCO;, Na,CO;, and NaOH. Since the released OD amount
does not depend on the strength of the adopted bases, it can be
supposed that the OD total amount is the same for the three al-
kalis. However, due to different pH, OD can aggregate in a dif-
ferent way: particularly, the most aggregated system should be
in the presence of sodium bicarbonate, whereas the most sepa-
rated one in NaOH. Alkaline solutions neutralize acidic groups
on both the graphene planes edge and OD exposed to the solu-
tion, so the neutralized functions amount does not only depend
on the base strength but also on the aggregation of OD, since with
a higher aggregation degree much more groups are “hidden” by
intimately linked neighborhood debris. After centrifugation, OD
remains in the solution and, when hydrochloric acid is added to
perform the back titration, its acidic functional groups are proto-
nated, and it aggregates. Furthermore, statistically, the probabil-
ity of aggregation in the same way in the three different solutions
is close to zero, even considering that ionic strength, therefore
the surface charge, is different. Hence, the three systems are dif-
ferent, but after adding HCl, exposed acidic functional groups
of OD are also titrated causing an increased number of acidic
functionalities due to OD disaggregation. Specifically, depend-
ing on the ionic strength, disaggregation follows different paths
in the three solutions and, since the titration stops at pH % 10,
the disaggregation endpoint differs varying the total amount of
exposed and titrated acidic groups. In conclusion, a combina-
tion of different disaggregation path, ionic strength, and surface
charge, intimately interrelated with each other, can explain the
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Figure 5. HRTEM images of a) pure graphite, b) GO_0.5, ¢) GO_2.0, d) GO_4.0, ) GO_5.0, and f) GO_6.0 powders.

overestimation of carboxylic functionalities and it shows that
Boehm titrations cannot be used to determine the amount of
acidic functional groups on GO but, after elimination of oxidative
debris, only on bwGO. Contrarily, the evaluation of basic func-
tionalities is easier since, in acid solution, OD is stable on the
graphene plane and it is not released. The determined amount
corresponds to basic groups on the edge of graphene planes and
eventually to basic groups on OD that protrude from bwGO.
Table 1 shows the main outcomes: the basic moieties tend to de-
crease with the increase of the permanganate amount (down to
~200 ueq g!), corroborating the XPS results, until a plateau is
reached from GO_4.0 on.

As far as it concerns the morphology of both graphite and GO
samples, HR-TEM analyses have been carried out to shed light
on the changes induced by incipient oxidation during the prepa-
ration stage. Figure 5 resumes the situation evidenced by the in-
spection at high magnification for all the samples: it can be noted
that peculiar fringe patterns are always evident and ascribable for
the pure graphite sample to the (002) family plane in good agree-
ment with the XRPD results reported above. The Fast Fourier
Transform elaboration of the fringes (inset of Figure 5a) indi-
cates that the distances are 0.334 nm, in agreement with those
types of bare graphite (ICDD card n. 01-075-1621). Moreover, an
increase in the distance (insets of Figure 5b—f) referred to the
relevant fringes (up to d = 0.395 nm) is clearly appreciable by
increasing the oxidation degree of the powders.

Adv. Mater. Interfaces 2023, 2300179 2300179 (8 of 13)

Regarding the surface properties of the as-synthesized GO,
Brunauer-Emmett-Teller and Barrett-Joyner—-Halenda (BET-
BJH) analyses were carried out. As stated in Table 1 (third col-
umn), the specific surface area (Sppr) seems to slightly increase
with the rise of the oxidation degree, passing from 11 m? g~}
of pristine graphite to ~#20 m? g=!. On the contrary, the total
pores volume moderately reduces (from the reference value of
0.031 cm? g1 of pure graphite; see Table 1, fourth column). The
isotherm hysteresis exhibits an interesting behavior since it is
clearly visible that, by increasing the oxidation degree, a consid-
erable increase of the ultra-micropores (with diameter lower than
0.7 nml®]) occurs, as displayed in Figure S4 (Supporting Infor-
mation), by the lack of hysteresis closure.

2.2. GO Adsorption Capacity as a Function of the Interlayer
Distance

To correlate the different GO oxidation degrees and, subse-
quently, the possible different interlayer distances to a poten-
tial application in the field of environmental monitoring, adsorp-
tion kinetic tests were carried out. Specifically, taking into ac-
count that there is an effect of the molecule shape onto the de-
gree of intercalation between the planes of GO,[%] with a maxi-
mum for flat molecules, a planar pollutant molecule, for exam-
ple, o-toluidine, was adopted. The adsorption performance was
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Figure 6. a) Percentage of aqueous o-toluidine removal (25 ppm starting concentration) after 30 min for GO_0.5, GO_2.0, GO_4.0, GO_5.0 and GO_6.0
(blue dots) compared to the difference between c-axis values by XRPD and the interlayer distance assessed by means of PALS technique (<d”A°>, red
dots). Adsorption kinetics: pH 7, cgo = 0.67 mg L™, followed 4 = 280 nm. b) Comparison of FTIR spectra related to pure o-toluidine and subtraction
between after 30 min and before the adsorption of the pollutant onto GO_0.5 and GO_5.0. c) Linear correlation between o-toluidine removal and relative
intensity of the PL-band. d) Schematic representation of the sandwiched GO configuration in the case of GO_0.5 (left side) and GO_2.0, 4.0, 5.0, and

6.0 (right side) systems.

followed by means of UV/Vis spectroscopy (see Figure S5, Sup-
porting Information!*l), calculating the removal percentage both
after only 30 min and 3 h. Being the pH of the solution near 7
and the total time of the kinetic study limited to 3 h, it is possi-
ble to consider negligible OD release and to assume that it does
not affect the adsorption of o-toluidine. For all the GO powders,
most of the pollutant adsorption occurred within half an hour
(see inset of Figure S5, Supporting Information) and, in addition,
the performance trend resembles the results obtained from the
physicochemical characterizations (XRPD, micro-Raman, TGA,
XPS, and Boehm titrations): an increase of the oxidation degree
by increasing KMnO, followed by the achievement of a plateau at
oxidant concentrations higher than 0.3 g (Figure 6a, blue dots).
Also, in this case, GO_6.0 showed slightly worse behavior with
respect to GO_5.0, reminding previous results (see 3.1 para-
graph). In trying to better understand the o-toluidine intercala-
tion into GO layers, Fourier-transform infrared (FTIR) analyses
were also carried out. Figure 6b shows a comparison of spec-

Adv. Mater. Interfaces 2023, 2300179 2300179 (9 of 13)

tra obtained by subtracting those of pristine GO_0.5 or GO_5.0
from the corresponding ones recorded after the adsorption of
o-toluidine (sampling at 30 min). Notably, only for the fully ox-
idized graphene (GO_5.0), new peaks related to the adsorbed
pollutant appeared: at ~1500-1270 cm™! those ascribable to the
stretching of toluidine C-N bonds,[** while at 1620 and 700 cm™
the scissoring/wagging of -NH,, respectively. As such, we con-
firmed once again a scarcer adsorption capability of GO_0.5 ev-
idenced by an almost flat IR difference spectrum. According to
the recent literature,®>] aromatic phenyl amines prefer to be co-
valently bound to GO, through either nucleophilic reaction of the
amine moiety with the graphene oxide basal plane or hydrogen
bonding.[°®7] As reported by Spyrou et al.,|%] two mechanisms
may be hypothesized to explain this interaction: the GO epoxy
ring opening reaction or a nucleophilic reaction with the car-
bon of a hydroxyl group in a-position. A further corroboration
of this amine-guided mechanism comes from other studies,®!
which showed a weaker interaction occurring between GO and
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the phenyl ring of the aromatic amines. Hence, we suppose that
during o-toluidine intercalation into highly oxidized graphene (as
GO_5.0), its molecules may assume a slightly tilted orientation,
causing an impairment of the z-z stacking (as reported in[%)
between the GO sheets, due to the high interaction among -NH,
moieties and oxidized graphene species.

In order to match all these data up to the interlayer distance,
the positron annihilation lifetime spectroscopy technique was
used as already reported in a previous work by Panzarasa et al.3l.
PALS is a suitable experimental technique to get information
on the voids in non-metallic materials,[®® where positronium
(Ps), the electron—positron bound state, is localized. In a vacuum
ortho-Ps (0-Ps) lifetime, the ground state with parallel spins of the
two particles is 142 ns. The lifetime of para-Ps (p-Ps, anti-parallel
spins) is 125 ps. In a void, o-Ps interacts with the electrons of the
cavity and annihilation with an electron not belonging to Ps and
in a relative singlet state is possible. Such a process (“pickoft”
annihilation) reduces the o-Ps lifetime up to two orders of mag-
nitude: the smaller the size of the void, the higher the probability
of interaction between the positron and an external electron and
the lower the o-Ps lifetime. This correlation is the core of PALS
applications to materials characterized by voids (e.g., free volume
holes in polymers), allowing an insight into the size of the void,
provided that this void is approximated by a suitable geometry
and applying a quantum-mechanical model that accounts for the
annihilation of 0-Ps in the cavity.

PALS spectra were analyzed in three discrete components. It
is reasonable to relate the shortest lifetime component (=200 ps)
to positrons annihilating in the bulk as well as to p-Ps annihila-
tions. Indeed, this last contribution cannot be resolved as a dis-
tinct component, due to the resolution of the apparatus and the
faint intensity, expected to be of the order of one-third of the in-
tensity of the longest one. The intermediate component (~400 ps)
is attributed to positrons annihilated into the cavities; the higher
lifetime results from a lower electron density surrounding the
positron with respect to the bulk. The longest component is due
to the decay of 0-Ps trapped in open volumes. The lifetimes of this
last component (the only one of interest in the present paper) are
displayed in Table S2 (Supporting Information).

o0-Ps lifetime is generally translated into a typical size of the
host cavity by using the Tao-Eldrup equation,/®7°! which sup-
plies, in spherical approximation, the corresponding radius R.
However, in GO the voids are found in the interlayer distance;
therefore, we used the following equation relying on the cav-
ity hosting Ps as a parallelepiped as introduced by B. Jasinska
et al.l”! (for further details see the Supporting Information file).
The relationship between o-Ps lifetime 7, as determined experi-
mentally, and the interlayer distance (<d"AM>) is:

1. d 1. xd \]"
= — = 1 — _— —_ _ 1
=g T h [ <d+2AR M ;rsmd+2AR>] @

where 1y~ 2 ns™! results from the spin-averaged annihilation

rates of ortho and para-Ps, and AR (= 0.166 nm) is an empirical
parameter!’%72] describing the penetration of the Ps wavefunc-
tion into the bulk. The values found for <d"A!S> are displayed in
Table S2 (Supporting Information). Specifically, they represent
the interlayer distance between (bwGO + OD) two-component
layers of GO. However, since o-toluidine diffuses in an aque-
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ous environment rather than in this “empty” interlayer, it would
be better to compare the obtained adsorption percentages with
the thickness of the hydrated OD grafted onto bwGO, which can
be obtained by subtracting <d" > from the interlayer distance
measured by XRPD (cXRPP). The obtained results are reported in
Figure 6a. Notably, both the o-toluidine removal percentage and
the computed difference trends are very similar exhibiting a sort
of plateau curve. Moreover, as expected based on the above dis-
cussion, the o-toluidine adsorption values well correlate also with
the relative intensity of the visible PL-band (by Raman analysis),
which, similarly to <dPL5>, indirectly monitors the oxidation de-
gree of GO (Figure 6¢; R? = 0.987).

In conclusion, at low oxidation degrees (such as in GO_0.5)
there are both unsplit and isolated graphene planes, conversely
to what occurs at higher KMnO, content. In the latter case, the
presence of a five-layer sandwiched configuration can be hypoth-
esized: a bwGO graphene plane, a hydrated OD layer, an “empty”
space, another hydrated OD, and, finally, a bwGO plane. The rela-
tive thickness of this structure strongly depends on the oxidation
degree (see scheme in Figure 6d).

3. Conclusion

A deep analysis of the oxidation degree of graphene oxide was
herein reported. Particularly, by increasing the amount of the per-
manganate oxidant from 0.5 to 6.0 g, we managed to tune the
interlayer gap between GO sheets resulting in the achievement
of a maximum value after 4.0 g before moving slightly down in
the case of GO_6.0. Diffraction data together with micro-Raman
outputs corroborate this observation: the Raman D-band signif-
icantly upshifts moving from sample GO_0.5 to GO_4.0, then
it starts to decrease showing a trend very similar to that of the
XRPD interlayer distance ¢ (from 6.2 to ~7.3 A, and then down
again to ~7.1 A). Moreover, by means of TGA measurements, a
further assessment of the GO_0.5 similarity to pristine graphite
was obtained, evidencing how this sample has structural inter-
actions different from the other GO powders. In addition, once
again, by increasing the GO oxidation degree, the temperature
at which oxygen-containing groups are decomposed slightly de-
creases, reaching a sort of minimum for GO_4.0 and GO_5.0 and
increasing again in GO_6.0. XPS and Boehm’s titrations shed
new light on the surface properties of these GO materials. Partic-
ularly, the former confirmed the presence of differently oxidized
surface groups and, above all, GO_5.0 and GO_6.0 seem to have a
greater content of C sp® to the detriment of C sp? bonds. As far as
it concerns the Boehm titrations, instead, the achieved results led
to hypothesize to be in presence of two different GO structures:
a graphene with low oxidation degree showing functional groups
decorating the edges of'its plane (bwGO), and a second one com-
posed of humic- and fulvic-like fragments known as oxidative de-
bris, strongly adhering to graphene plane by means of 7— stack-
ings and hydrogen bonds. The presence of these two components
was further corroborated by HR-TEM images for all the GOs
except for the less oxidized one, namely GO_0.5, in which OD
is rarely present. A five-layer sandwiched configuration was hy-
pothesized to represent the higher oxidation states (my,0. equal
to or greater than 2.0). Finally, for the first time to the authors’
best knowledge, a correlation between the peculiar GO features
and the materials’ adsorption capacity toward planar o-toluidine
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molecules was drawn. The pollutant removal percentage with the
variation of oxidant amount showed the same trend of the hy-
drated interlayer distance and Raman photoluminescence data,
corroborating the fact that a too-high content of potassium per-
manganate (above 5.0) can be detrimental since the interlayer
gap turns down (from 4.89 A of GO_5.0 and >90% of removal
to 4.29 A of GO_6.0 and ~80% of o-toluidine adsorption). Hence,
we believe that the present findings can be useful for the develop-
ment of GO-based intercalating materials in applications extend-
ing from membrane engineering to environmental monitoring.

4. Experimental Section

All the chemicals were of reagent-grade purity (by Sigma Aldrich) and were
used without further purification; doubly distilled water passed through a
Milli-Q apparatus was utilized.

Synthesis of GO Powders:  Graphene Oxide was prepared by adopting a
modified Hummers’ method, already reported in the literature.[33-37] Con-
sidering the effect of each parameter (temperature, relative humidity, con-
centration, and step duration) in the GO preparation,[333°] particular at-
tention was paid to maintaining the same protocol in each synthesis. In a
typical procedure, concentrated sulfuric acid (H,SO,, 96%, 50 cm?) was
added to a mixture of graphite powder (1.0 g) and NaNO; (1.0 g). Then,
the suspension was cooled down to 0 °C in an ice bath and a specific
amount of KMnO, was slowly added to maintain the reaction tempera-
ture below 10 °C. Different graphene oxide powders were synthesized by
varying the quantity of KMnOy,, namely 0.5, 2.0, 4.0, 5.0, and 6.0 g. The
reaction mixture was stirred for 4 h and then, Milli-Q water (100 cm?) was
slowly added keeping the solution in the ice bath. The suspension was
stirred for a further 2 h at 70-80 °C. Subsequently, 200 cm? of Milli-Q wa-
ter at ~#60°C was added, followed by an addition of 20 cm® of hydrogen
peroxide (H,0,, 30%v/v). Then, the reaction mixture was cooled down to
room temperature and it was left to settle for a night. The resulting prod-
uct was centrifuged and washed several times with Milli-Q water until a
neutral pH was reached. In order to remove both the acidic traces and the
salt residues, the powder was wrapped into a semi-permeable membrane
for dialysis (Molecular Porous Membrane SpectraPor MWCO, 12-14 000).
The washing step was monitored by measuring the conductivity of Milli-Q
water until it reached a value lower than 5 uS cm~=2. Then, GO was dried
in an oven at 60 °C (in the air).

GO powders were labeled as GO_x, where x is the amount of KMnO,
used during the synthesis, that is, 0.5, 2.0, 4.0, 5.0, and 6.0 g.

XRPD patterns were obtained in Bragg—Brentano geometry at room
temperature by Panalytical X'pert Pro high-resolution x-ray powder diffrac-
tometer equipped with a Cu tube (Cu-Ka , radiation) and a thin nickel foil
to suppress the Cu-Kf radiation. The diffraction patterns were recorded in
the 5° < 20 < 55° range at a step size of 0.02° and a counting time of 15 s
step™!. The diffraction peaks were fitted with pseudo-Voigt functions us-
ing the program WinplotRI“% to settle their 20 positions, FWHM values,
and integral intensities.

Raman scattering was measured in air by using an NTEGRA-Spectra
SPM NT-MDT confocal microscope coupled to a solid-state laser op-
erating at 2.33 eV (532 nm). The analysis was carried out by using a
laser power of 250 uW (at the sample surface) to prevent local heat-
ing of the samples and annealing effects. The scattered light from the
sample was collected by a 100x Mitutoyo objective, dispersed by 600
lines mm~" grating, and detected by a cooled ANDOR iDus CCD Camera.
Further details on the instrumentation and data processing could be found
elsewhere.[41:42]

Thermogravimetric analyses were carried out by means of Metter
Toledo Star and System TGA/DSC 3+ under air atmosphere (5 °C min~!
from 30 to 800 °C).

XPS data were collected with a Mprobe apparatus (Surface Sci-
ence Instruments). The source was the monochromatic Al Ka radiation
(1486.6 eV); a spot size of 200 x 750 mm and a pass energy of 25 eV were
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used. The Ts level of hydrocarbon-contaminant carbon was taken as the
internal reference at 284.6 eV. The accuracy of the reported binding ener-
gies (B.E.) could be estimated to be ~0.2 eV and the resolution was equal
to 0.74 eV.

The specific surface area (Sggr) and porosity distribution were obtained
from N, adsorption/desorption isotherms at 77 K using a Tristar 11 3020
(Micromeritics) apparatus and the instrumental software (Version 1.03)
and applying BET-BJH analyses, respectively. Prior to measuring, sample
powders were thermally pre-treated (T = 150 °C, 4 h, N,) to remove ad-
sorbed foreign species, for example, water.

The morphology was investigated by using HR-TEM. Analyses were
performed on an HR-TEM JEOL 3010-UHR high-resolution transmission
electron microscope (acceleration potential: 300 kV; LaBg filament). Sam-
ples were dry dispersed before the investigation on Cu grids covered with
Lacey carbon without any further treatment.

In order to assess oxygen-containing functionalities on carbon ma-
terials, Boehm titrations were carried out.[**] NaOH (0.05 m), Na,CO,
(0.05 m), NaHCO;3; (0.05 m), and HCl (0.05 m) solutions were prepared
and standardized in triplicate. Then, four GO suspensions were prepared
by adding 0.2 g of graphene oxide into 25 mL of each aqueous solu-
tion, and, for every powder, three titrations were carried out. The sus-
pensions were left under stirring for 24 h and then centrifuged and fil-
tered. In the case of alkaline solutions, a back titration was performed:
three aliquots were taken from the filtrate of each sample and acidified us-
ing 0.05 M HCl for complete neutralization. For the acidic suspension,
a direct titration of 5 mL of the filtrate was performed. All the acidi-
fied solutions were purged with N, under magnetic stirring for 15 min.
Then, the aliquots were potentiometrically titrated with 0.05 m NaOH.
Data were reported as average values together with the relative standard
deviations.

FTIR spectra were acquired on a PerkinElmer Spectrum 100 spec-
trophotometer operating in attenuated total reflection mode equipped
with a single-bounce diamond crystal with a 45° incidence angle. Spectra
were recorded between 4000 and 400 cm™'.

Concerning the positron annihilation lifetime spectroscopy), the
positron source, a droplet of 22Na (activity ~10° Bq) was deposited at
the center of a Kapton foil (thickness 7.6 um). Once dried, it was covered
by an identical Kapton foil. The two foils were glued together, care that
the glue did not contaminate the source. The source was placed between
two layers of a GO sample in a “sandwich” configuration, contained in a
plexiglass cylinder whose bases were made of filter paper to allow evac-
uation. The thickness of the GO sample was sufficient to stop all the in-
jected positrons. The cylinder was inserted in a glass tube connected to
a pumping system, able to guarantee a vacuum better than 10™* mbar.
Before starting the measurements, each sample was evacuated for 8 h.
The glass tube was seen by two plastic (Pilot U) scintillators connected
to a fast—fast coincidence setup; the resolution was 290 ps. Time anni-
hilation spectra in triplicate for each sample were collected, each one
having ~1.5 X 10° counts. They were analyzed by means of the com-
puter code LT; a correction for the positrons annihilated in Kapton was
considered.

To further corroborate the ability of GO sheets to entrap pollu-
tant molecules, aqueous o-toluidine adsorption was evaluated accord-
ingly. Kinetic tests were carried out at spontaneous pH (~7), adopt-
ing a starting pollutant concentration of 25 ppm and GO concentration
equal to 0.67 mg mL~". According to the previous study, direct photol-
ysis of o-toluidine could be considered negligible,[**] therefore the ki-
netics were performed under ambient light conditions. In order to as-
sess the GO adsorption capacity, UV/Vis spectra were acquired after
samplings filtration (MF-Millipore Membrane Filter, 0.45 um pore size)
at 30, 60, 90 and 180 min, by following the maximum wavelength at
280 nm.
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