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Adsorption by graphene sponge (GS) manufactured by annealing
nickel-carbon powder mixture in inert atmosphere has been studied. By deter-
mining the specific surface area (SSA) for the GS sample, it has been found
that Brunauer, Emmett, Teller method (BET) of approximation of experimen-
tal isotherms gives wrong results in the pressure range of 0.025-0.12 because
adsorption in this pressure region is affected by walls of ampoule. Real SSA
value has been found by subtracting pore effect method (SPE) or by BET ap-
proximation in a low range of relative pressure of 0.0004—0.002.
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1. INTRODUCTION

The study is dedicated to the adsorption properties of new graphenic mate-
rial graphene sponge (GS) developed by the authors [1] by annealing nickel-carbon
powder mixture in inert atmosphere.

Many studies have been devoted to the adsorption properties of carbon materi-
als [2], [3]. It can be explained by a variety of morphological properties of carbon
materials known as activated carbons, carbon blacks and carbon nanotubes, cones,
fibres, bulbs, graphenes, graphene aerogels, foams and sponges [4], [5].

Graphene, 2D carbon allotrope, has drawn significant interest among scien-
tists due to intriguing properties since 2004 [6]. In recent years, the assembly of gra-
phene into macroscopic (3D) structures has attracted intensive interest because the
use of 3D graphene is one of the most effective ways of applying the unique proper-
ties of 2D graphene nanosheets in practice [4], [7]. Graphene 3D structures consist
of flexible graphene nanosheets, which are interconnected into porous networks.
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Several different names have been used for such structures, namely, graphene foam,
sponge, aerogel and monolith. Among the attractive applications, graphene sponges
have been used as adsorbents for various pollutants [5]. For instance, less than 3.5
kg graphenic carbon foam can absorb 1 ton petroleum, promising great potential in
the applications of oil spill and pollution treatments [7].

It is well known that the pore size and its distribution are important factors de-
termining the adsorption properties of different adsorbents. It is of interest to relate
the adsorption properties of the GS to its morphological structure and to elucidate the
possibilities of changing this structure during the preparation of the GS.

2. EXPERIMENTAL

To reveal the nature of GS adsorption capacity, its specific surface and pore
size distribution (PSD), the authors of the research studied the adsorption of nitrogen
at 77K using Autosorb-1 device (Quantachrome Instruments Co., Florida, USA).
The methods of measurements were standard (see the previous article about adsorp-
tion properties of thermochemically exfoliated graphite (TEG) [8]). The level of
liquid nitrogen was supported automatically. During measurement, the substance
was placed into a quartz ampoule 9 mm in diameter. To reduce the empty volume, a
glass rod was used.

The samples for adsorption measurements were small pieces of GS manufac-
tured by the authors of the research [1].

The substance weight was 1-5 mg in each case. Before measuring adsorption,
the GS was heated in vacuum at 300 °C for not less than 24 h, before the leak rate
became lower than 10—15 micron/min. To process and present the results, ASWin
v1.55 and home-made software were used.

All investigated GS samples were analysed by means of SEM (Hitachi
M3000), high resolution SEM LYRA3 XMU (Tescan, Czech Republic), transmis-
sion electron microscope (TEM) Tecnai G20 (FEI) and XRD (Japan Rigaku UL-
TIMA 1V, Cu—Ka radiation A = 0.154184 nm).

Fig. 1. High resolution SEM images (a), (b), (c) — typical GS samples, (d), (e), (f) — high resolution
TEM image of the same samples after dispersion in the isopropanol by ultrasound.
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3. RESULTS AND DISCUSSION

Figure 1 demonstrates typical GS images with different magnifications. It can
be clearly seen that the GS consists of graphene sheets that are well-developed in the
base plane (002), entangled and partly interconnected, with folds and wrinkles. The
thickness of these sheets was determined from the XRD spectra by the width of the
(002) peak [1]. The values obtained for the GS sheet thickness were in the range of
6—16 nm. The individual graphene sheets of GS were examined using TEM [9]. The
GS material was placed in isopropanol and dispersed by ultrasound and then a drop
of isoprapanol with suspended graphene sheets was applied to the grid for electronic
microscopy. For TEM, a copper grid with a holey carbon film (Agar Scientific, UK)
was used.

In all the GS samples studied, sheets with a different number of layers from 2
to 40 were found in approximate correspondence with the thickness obtained from
the XRD data. A similar range of values of the graphene layers was shown on the
multilayer graphene obtained on transition-metal foams by the chemical vapour de-
position (CVD) method [10]. The dissolution of carbon in the metal takes place
using CVD process [10] and Ni — carbon powder annealing methods [1]. When a
carbon atom precipitates on the metal, at the cooling stage, the formation of multi-
layer graphene sheets occurs. The authors of the research attempted to control the
number of layers in multilayer sheets of graphene by controlling carbon weight in
the Ni — carbon mix [1].
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Fig. 2. N2 adsorption by grafitized carbon: graphene sponges (1054, 1049, 1120, 1002), graphitized
carbon black Carbopack F (141), milled graphite (0126). a — specific volume of adsorption for
different samples, b — adsorbed volume for these adsorption processes, on the inset the areas and
weights of the samples are indicated.

On the multilayer graphene sheets (Fig. le, f), a non-uniform surface of gra-
phene sheets can be observed; these inhomogeneities could possibly serve as the
basis for the formation of micropores (<2 nm). Investigation of adsorption for the GS
samples showed that it was well-graphitized carbon material.
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Objects of this type are well studied on powder samples of graphitized carbon
blacks [11], [12]. They are characterised by II or IV type isotherms (IUPAC [13])
depending on the absence or presence of micro and mesopores.

The authors of the research examined the isotherms of GS samples in com-
parison with the isotherms of other graphitized carbon samples performed by the
authors earlier [8], and also during the present research (Fig. 2a). According to the
characteristic form of adsorption isotherms at low pressures (smaller as ~ 0.01 P/P,),
it was clear that they referred to adsorption on a graphite surface. Further increase in
adsorption observed for the GS samples at P/P ~0.01-0.15 should not occur because
the adsorption of the second monolayer N2 onto the graphene surface began only
at P/P>0.15 [14]. This increase in adsorption could formally be associated with an
increase in the capillary condensation in the presence of pores ~2 nm [15]. However,
the authors of the research prefer another explanation.

The upward deviation of adsorption can be explained as follows: at pressures
greater than 0.01 P/P, the adsorbed volume on the GS becomes smaller than the
volume adsorbed on the ampoule walls, which is explained by the fact that the total
amount of adsorbed volume ceases to depend on the mass of the GS and adsorption
lines for different GS samples become approximately equal to the empty ampoule
adsorption (Fig. 2b).
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Fig. 3. Adsorption potential distribution for N2 adsorption by grafitized carbon: milled graphite,
graphene sponges (GS), thermoexpholiated graphite plates (TEG) [11], graphitized carbon black
Carbopack F.

It should be taken into account that in the instructions of the device manu-
facturer (Autosorb-1) it is explicitly stated that the area of the measured adsorbent
should be 10—15 m?. The area and weight of the measured samples are shown in Fig.
2b. The reason for working with such small samples of GS is related to the equip-
ment on which the samples were obtained [1].
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In further research, we believed that the growth of adsorption at pressure
above ~0.01 P/P was associated with adsorption on the ampoule walls. Fortunately,
adsorption at low pressures was associated only with GS, which allowed obtaining
positive results.

The distribution of the adsorption potential (APD) for all the samples studied
in the research was calculated from isotherms (see Fig. 3). The adsorption potential
is the energy that is released upon adsorption of N2 molecules on the adsorbing sur-
face. On a homogeneous surface, all places have the same energy, so the filling of
the surface with the first layer of molecules occurs in a narrow pressure range. The
APD can be regarded as the negative derivative of the adsorption isotherm [3]. Note
that the frequency curve of the distribution of APD is normalized to the volume of
the monolayer of adsorbate.

The APD of various carbon black adsorbents was considered in [11], [12]
in accordance with the degree of their crystallinity. The APD of highly graphitized
samples of Carbopack F with high crystallinity showed three peaks at approximately
5.5, 3.0, and 0.7 kJ/mol. These signals were attributed to the formation of the nitro-
gen monolayer, to a two-dimensional fluid-solid transition and to the second layer
formation, respectively. For the Carbopac X sample with the lowest degree of crys-
tallinity, only the high-energy peak of the formation of the first monolayer at 5 kJ/
mol was manifested. The authors [12] noted that the Carbopack samples with high
SSA exhibited lower crystallinity, and they suggested that it might be difficult to
obtain highly graphitized carbons with large SSA.

In our case, it may be noted that the closer the width and position of the APD
peak for the GS samples to the peak for Carbopac F, the more perfect the structure
of the adsorbing surface. For our GS samples in Fig. 3, only the first peak corre-
sponding to the filling of the first monolayer is clearly manifested, the second peak
corresponding to the phase transition is manifested as “noise” due to a small amount
of matter in the sample (dashed curves in Fig. 3). For large samples of the TEG, the
peaks at 5.5 and 3.0 kJ/mol are clearly visible. Note, in Fig. 3, the “ampoule effect”
manifests itself in a faster rise in the frequency curve for GS samples that are smaller
in weight and area.

One of the main parameters for adsorbents is the specific surface area (SSA).
The definition of SSA BET [16] method is recommended and universally accepted
[2], [17]. However, the choice of the isotherm points for the BET approximation in
our case for a graphitized surface (P/P <0.12 [9]) is not sufficiently defined [8].

The possible range of the obtained SSA values is quite large, even within a
high correlation coefficient. In the paper, the authors analysed the use of BET as
an approximation for different isotherm sections with a correlation coefficient of at
least 0.997 (Fig. 4).

From the physical point of view, for the application of the BET method, it is
necessary to select an isotherm section for which adsorption proceeds only through
a multilayer mechanism and processes of volume absorption in micropores or capil-
lary condensation do not increase adsorption.

Another method for determining the SSA described by K.S.V. Sing is a com-
parative method of “alpha-s” [17].
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The method consists in comparing the investigated isotherm with the reduced
reference isotherm (alfa-s) for a nonporous sample. Reduction of the reference iso-
therm occurs by dividing the values of the isotherm by the value at pressure P/P =0.4.
The investigated isotherm is compared with a reference isotherm for a related adsor-
bent for which a complete absence of pores is asserted and, hence, adsorption pro-
ceeds along a multilayer mechanism. At the same time, K.S.V. Sing indicated that in
the case of similarity isotherms, SSA can be determined using a simple relation (1):

Ax/Aref = Sx/sref (1)

Moreover, the adsorption values A and A_ were proposed to be used for the
value of the relative pressure 0.4:

Sx = Ax,0.4'Sref/Aref,0.4 (2)

In other words, if there are no other reasons, the difference in adsorption is due
to the difference in specific areas.

The selection of another part of the isotherm for the determination of SSA was
proposed and substantiated by K. Kaneko [15], [18] — the subtraction pore effect
method (SPE).

The method is based on the fact that at low pressure, at which “alpha-s”<0.5,
the pore filling swing occurs, and at higher pressure, when the “alpha-s”>0.5 for
graphitized materials an increase in adsorption occurs due to beginning of coopera-
tive processes such as capillary condensation.

Therefore, the application of relation (1) occurs at the point “alpha-s”=0.5
or in a small rectilinear section near 0.5 (Fig. 5). For clarity, it is proposed to con-
nect the origin with the isotherm point for “alfa-s”=0.5 and determine the SSA by
the slope angle of the segment. The value “alpha-s”=0.5 corresponds to the relative
pressure around P/P =0.01. To plot the curves in Fig. 5, the volume values on the
required isotherm were recalculated to the pressure values on the reference isotherm
by the method of linear interpolation.

Determination of the desired area with respect to the angle of the slope is the
application of the same relation (2), only to the other point on the scale of pressure:

Sx(Alfazo,S) :Ax(Alfazo,S)' Sref/ Aref(Alfa:o,S) (3)

To verify the performance of a multilayer process, one can construct the ratio
A S /S A _;as afunction of pressure (Fig. 6). The multilayer process — P/P0O

ranges f;(orrr: 0.1 to 0.4 —is clearly visible for the non-porous sample “KON” [18], in
which the ratio is approximately equal to 1.

For GS samples, the ratio approaches unity within the range of 0.9—1.1 in the
pressure region near P/P =0.01.

It is seen from Fig. 6 that the curves for GS, unlike the curves for a nonporous
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sample and highly graphitized Carbopack F, raise sharply after a minimum at P/
P~0.1.

This behaviour could be explained by the presence of a significant number of
pores with a size of 2 nm and higher, but in our particular case, the rise is caused by
adsorption on the walls of the ampoule.

Fig. 4. BET surface calculated (a) for adsorption isotherms of the sample GS 1049. The horizontal
axes represent: number start point (0 to 80) and the number of points (5 to 15) at which the SSA was
calculated and located on the vertical axis. Surface (b) corresponds to a portion of the correlation
coefficient that exceeds 0.997. Vertical segments (c, d, e, f,) are the bar plots which correspond to the
places of SSA determination and height of the bars equal to the determined SSA. Segment (c) — points
with pressure near 0.01 for SPE method; (d) — points for relative pressure 0.05-0.12; (e) — points with
pressure near to 0.01 and correlation coefficient near 0.997; (f) — points for maximal correlation coef-
ficient which corresponds to relative pressure of 0.0004-0.002.
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Fig. 5. Alfa—s plot. Volume adsorbed by GS sample (1049 Nil0mix069 1000rapidH2400) vs reduced
volume adsorbed on reference non-porous carbon [19].
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GS samples 1054, 1049, 1120; Sample 1141 F measured on highly graphitized Carbopack F (Al-
drich); non-porous samples KON [18] and reference non-porous carbon [19].

Table 1 and Fig. 7 show the results of determination of SSA for a number of
GS samples by BET methods in accordance with Fig. 4 and SPE in accordance with
Fig. 5.

Table 1
The Results of Determination of SSA for GS Samples
SSA GSNe | 1069 | 1040 | 1049 | 1110 | 1107 | 1054 | 1119 | 1002 | 1120
S BET, m¥g 0'8%%‘;’ 845 | 669 | 61 | 439 | 120.1 | 60.8 | 43.6 | 34 | 49.1
S BET, m%g P/P0=0.01 | 111.6 | 87.8 | 792 | 623 | 1566 | 752 | 54 | 463 | 57.4
S SPE, mYg P/P0=0.01 | 116.8 | 938 | 84 | 703 | 1575 | 747 | 562 | 474 | 63.1
S BET, mYg 0.025-0.12 | 230.4 | 522.6 | 150.4 | 333.6 | 260.8 | 104 | 153.9 |3749| 1587
Thickness, A RTG“t” | 85 104 83 107 38 88 116 | 91 111
GS weight from 0.0019 | 0.0012 | 0.0037 | 0.0015 | 0.0027 | 0.0052 | 0.0028 | 0.002 | 0.0034
balance,g
Bulk density * of
GS, m/em’ 133 | 136 | 148 | no no 179 | 98 | 126 | 10
Area ** GS, m? 0'8%%‘;‘ 0.16 | 0.08 | 022 | 006 | 032 | 031 | 0.12 | 007 | 0.17

* The density of GS samples was determined from the ratio of the weight in a dry state with respect to
the wet weight (after boiling in water).

** The area of GS samples was determined from the multiplication of the weight of GS onto the SSA
determined by the BET method in the range of P/P ~0.0004-0.002
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Fig. 7. SSA of GS samples determined with different ways by BET and SPE methodes and P/PO
regions. Lines - trendlines for SSA points. SSA determined at points of P/P0 0.0004 — 0.002 had a
maximal correlation coefficient 0.9999. These points laid around of maximum at Fig. 8 or around

knee at Fig. 2.
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Fig. 8. Weight of GS samples restored from the data of N2 adsorption and XRD measurement. All
symbols — weight restored from experimental data for different ways of SSA determination; BET and
SPE; P/PO regions and density p values. Lines — trendlines for calculated weight points.

It follows from Fig. 7 that the SSA values for different P/P ranges have differ-
ent dependencies on the weight of the GS samples. For low P/P pressure less than
or equal to 0.01, the SSA values are independent of weight, and for pressure greater
than 0.01, the SSA values increase with a decrease in sample weight. The analy-
sis shows that this is due to the fact that the adsorption value for such pressure is
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determined not by the GS sample but also by the ampoule walls as indicated above
(Fig. 2b).

The GS samples investigated in the first approximation can be represented as
a set of multilayer graphene plates (Fig. 1c) with approximately the same thickness
and density. The sample weight can be determined from adsorption data and XRD.
Using SSA for each sample and its thickness (according to XRD), it is possible to
calculate its weight by a simple ratio:

W =SSA-wtp, (5)

where w is the true (by weight) weight of the sample, t is the thickness, p is the den-
sity. At the same time, it becomes possible to compare different methods for deter-
mining SSA and to estimate the density of the objects — multilayer graphene plates
based on the fact that the true weight is known. The results of the calculations are
presented in Fig. 8. Figure 8 shows the weight points of the GS samples calculated
from relation (5) for the SSA values obtained by the BET method from the pressure
range of 0.025-0.12. A large scatter and complete lack of proportionality to the true
weight indicate that these SSA values are erroneous and the isotherm path at this
pressure range is associated with adsorption on the ampoule walls.

It follows from Fig. 8 that the weight values calculated for smaller P/P values
can be equated to the weight of the GS samples under the assumption that the density
of multilayer graphene plates is either p=1.5 g/cm’ for SSA in the P/P ~0.01 region,
or p=1.9 g/cm® for SSA values determined in the area of the maximum correlation of
BET approximation for P/P ~0.0004-0.002.

The value of the density of volumetric graphite is 2.3 g/cm® and the values
from 1.5 to 1.9 g/cm® for a multilayer graphene plate are possible. Note that in this
case it should be assumed that graphene plates have pores inaccessible to adsorption
of nitrogen molecules.

On the other hand, based on the assumption that GS is a collection of multi-
layer graphene plates with approximately the same thickness, the formula for SSA
is as follows:

SSAcue =1/(t:p), 6)

where t is the thickness, p is the density of the graphene plate. This formula is equiv-
alent to formula (5) and is needed to check the correlation with another independent
parameter — the thickness t obtained from the XRD data.

For each GS sample with specified thickness of the graphene layer, in Fig.
9 the SSA values were obtained by different methods (Fig. 4 and Fig. 5) and SSA
calculated from the hyperbola formula (6) for two density values p=1.5 g/cc and p
=1.9 g/cm?® of a multilayer graphene plate. Figure 9 shows that the hyperbolas at such
values of the density approximately correspond to the scatter of the experimental
values of SSA.
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Fig. 9. SSA of GS samples vs thickness of multilayered graphene plates from XRD measurement.
Circles, triangles, squares — experimental data for SSA determined in different ways; circles — by SPE
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BET approximations had a maximal correlation coefficient larger than 0.9999. These points had a
range of P/P0 0.0002—0.004. Hyperbolic lines were calculated by formula (6) with density values p =
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Comparison of the initial section of adsorption isotherms for GS and well-
graphitized objects — Carbopac F, graphite milled, TEG — has led to the conclusion
that the surface of multilayer graphene plates in the GS is of good quality. The rep-
resentation of our GS as a set of multilayer graphene plates (Fig. 1¢) with approxi-
mately the same thickness and density made it possible to calculate the weight of
the GS samples with a reasonable assumption of the graphene plate density p=1.9 g/
cm’®. Note that the calculation did not take into account the adsorption at the edges of
multilayer graphene plates, which was possible for large graphene sheets.

The longitudinal dimension of the La crystallite can be estimated from the
width of the XRD peak (100), the obtained value La~10—12 nm [1]. The longitu-
dinal size of the crystallites can also be estimated from the Raman scattering [20];
the values obtained are from one to several tens of nanometres. Note that the outer
dimensions of multilayer graphene plates range from 0.1 to 1 um. Under the assump-
tions outlined above, it is possible to evaluate the methods for determining SSA.

4. CONCLUSIONS

The research has demonstrated the difficulties of measuring the adsorption
of nitrogen on ultralight GS samples with a mass of 1 to 5 mg and a bulk density
of 10-15 mg/cm?. The reason can be explained by the small area of the adsorbing
surface of the samples of GS 0.1-0.3 m?, which made it possible to obtain an ad-
sorption isotherm for GS only for low relative pressure P/ P <0.01-0.015 due to the
fact that within this pressure range adsorption on the walls of the ampoule does not
practically occur (Fig. 2b). Note that the representation of adsorption data from small
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objects shown in Fig. 2b is of methodological significance since it has allowed cor-
rectly estimating the size of the sample area relative to the effect of adsorption on the
surface of the ampoule.

To obtain the SSA value corresponding to its geometric meaning, BET ap-
proximation in the range of 0.0004-0.002 P/P should be used for our samples. This
range corresponds to the best correlation coefficient of BET approximation and
gives the lowest SSA values. From another point of view, this range corresponds to
the primary filling of a well-crystallized graphite (or graphene) surface.

Further refinement of the true value of SSA requires additional experiments
with GS samples with an adsorbing surface of 5-10 m? and independent estimates of
the density of the graphene layer.
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SLAPEKLA ADSORBCIJA UZ GRAFENA SUKLIEM, TOS SINTEZEJOT
NIKELA UN OGLEKLA MAISTJUMA IZKARSESANAS UN
ATLAIDINASANAS REZULTATA.

V. Grehovs, J. Kalnacs, A. Misnevs, K.Kundzin$

Kopsavilkums

Petita graféna siiklu sorbcijas sp&ja, to raksturojot ar Ipatngjo absorbcijas
virsmas laukumu. Nosakot Tpatngja virsmas laukuma lielumu izmantota Brunauera,
Emmeta, Tellera (BET) metode izotermu aproksimacijai spiedienu diapazona 0.025-
0.12. Paradits, ka BET metode $aja diapazona uzrada lielas kludas, jo gadijumos,
kad Tpatngjais laukums relativi mazs 0,1 lidz 0,3 m? netick nemta véra adsorbcija uz
ampulas sienam, kura ir salidzinama vai lielaka neka absorbcija uz pétama objekta.

Reali dati par graféna stklu Tpatngjo absorbcijas virsmu iegiistami ar poru
efekta atskaitiSanas metodi (anglu — subtracting por effect - SPE method), vai tad, ja
BET aproksimaciju izmanto mazu relativo spiedienu P/P diapazona 0,0004 — 0,002.
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