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Absorption—desorption of carbon dioxide
in carbon honeycombs at elevated temperatures
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The recently synthesized honeycomb carbon allotrope has numerous potential applications, in particular for
storage of gases inside carbon matrices. In this work this carbon form was experimentally studied in its denser
form in order to estimate the upper temperature limit for keeping a gas inside the cellular structure. Along with
the previously reported random honeycombs of a zigzag type we have also revealed the densest armchair struc-
ture. The mechanism of absorption—desorption of carbon dioxide studied by means of high energy electron dif-
fraction at low temperatures showed the two — stage character of the observed desorption at elevated tempera-
tures. This effect is associated to the weaker or stronger bonding of molecules with pore walls depending on the
specific configuration of channels with different sizes. We have found that complete desorption of CO; does not
occur even at the temperatures about three times higher as compared with the sublimation point of carbon diox-

ide in our vacuum conditions.
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1. Introduction

Many carbon allotropes such as fullerenes [1], nano-
tubes [2,3], peapods [4], “schwarzite” forms [5—7], carbon
nanowires [8], graphene [9] were discovered and intensive-
ly studied during the last few decades. The carbon-based
materials possess many potential applications in modern
and future technologies. Special attention was focused on
investigations [10-13] of light molecules absorption in
nanoporous materials. This process is used in technological
applications such as reduction of carbon dioxide emissions
by vehicles, molecular sieving or fuel cells. In spite of high
potential of hydrogen as a fuel, i.e., as a renewable and
environmentally friendly energy source, its application is
limited by the lack of simultaneously lightweight and effi-
cient storage volumes with the high gravimetric ratio be-
tween the weight of absorbed hydrogen and the total
weight of the system.

The recently synthesized carbon honeycomb structure [14]
is an exceptionally stable carbon allotrope. Absorption of
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the heavier rare gases such as krypton and xenon in carbon
films obtained by deposition of vacuum sublimated graph-
ite was studied a few years earlier [15]. It was found in
particular that the levels of gas absorption attain 4-6% in
atomic count with respect to the number of carbon atoms
in such substrates. This is about twice higher as compared
with even theoretical values attainable in carbon nanotubes
[16,17]. However, the carbon honeycomb structure was
identified only when transmission electron microscopy and
the exhaustive structural analysis were applied [14]. Many
interesting details of these structures still require much
higher resolution technique.

In this work we study absorption with consequent de-
sorption of carbon dioxide in the denser carbon honey-
comb aiming to find the upper temperature limit for gas
desorption from this structure.

2. Carbon film preparation

As it was reported previously [14,18], in quest of low-
density carbon structures with numerous channels accessi-
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copper

Fig. 1. The scheme of carbon sublimation from the graphitic rods
used for the carbon film preparation.

ble for gas absorption, we switched from the arc discharge
to pure sublimation of graphite rods thinned in their central
parts and heated by the electric current (Fig. 1).

In this method we allow only sublimation when the
weaker bonds between graphitic layers are destroyed while
sp2 links inside graphene-like planes are still preserved. In
this way we obtain graphene patches with tightly bonded
sp2 network. They can easily fly in vacuum and, according
to the theoretical prediction [19], may collide with previ-
ously deposited flat fragments in a way that they form right
or big enough angles with other patches which result in
formation of junction structures. Besides the small patches
tend to close dangling bonds at their edges that make the
“big angle” deposition with collision energetically more
favorable. For these reasons the parallel deposition proba-
bility is negligible in the total angle distribution. These
junction structures called in [14] “carbon honeycomb” (hc)
are different from those of common graphitic materials. In
carbon honeycombs two “wall-chiralities” (armchair — hcA
and zigzag — hcZ) may be formed, and the structures with
various widths of walls and therefore different densities of
such carbon materials can be synthesized [14,18-24].

In our preparation we varied the electric current be-
tween 65 and 85 A to choose the regime when denser films
form. In this way we expected to obtain the stronger bond-
ing of the absorbed gas with cell walls and to estimate the
upper temperature limit for keeping the gas inside the car-
bon honeycomb matrices.

Carbon films were deposited on cleaved single crystal
surface of NaCl and further were separated from salt by
means of floating in distilled water. Such films then were
put onto the copper grids with a cell size about 0.1 mm
transparent for electrons and were placed on the holder
inside the column of the diffraction setup.

3. Experimental

According to our previous findings the high absorption
ability of carbon films prepared by the method described
above and in more detail in [18] can be attained if a gas
(e.g., gaseous carbon dioxide) is first deposited on carbon
substrates inside the low-temperature cryostat well below
the sublimation points of polycrystalline films (Zgyp; ~ 86 K

for considered CO). The studies are performed with the
help of the high energy electron diffraction setup EMR-
100 supplied with the low-temperature cryostat. After dep-
osition good quality thin solid polycrystalline films with
distinct diffraction peaks formed. But when they are grad-
ually heated and kept slightly below the characteristic sub-
limation points, the strong diffraction peaks corresponding
to a polycrystalline state disappear, but distinct residual sig-
nals remain. These residual signals are still observed at tem-
peratures far above the sublimation points owing to physi-
cal absorption of gases with strong bonding in a carbon
matrix. We ascribe these features to specificity of compo-
sites formed from the gaseous phase when gas atoms are
strongly bonded inside carbon matrices after capillary fill-
ing at temperatures slightly below the sublimation points.
In our current experiment with CO; the deposition tempera-
ture ~ 80 K was closer to the sublimation point and we ob-
served the absorption effect already during deposition.

4. The analysis method

The carbon films produced by the method described
above as well as composites based on carbon structures
filled with absorbed gases were studied by means of Trans-
mission High-Energy Electron Diffraction (THEED) in an
EMR-100 electron diffraction setup. These studies were sup-
ported by the advanced analysis of the obtained data [25].

In the precise analysis of diffraction patterns from car-
bon films (see the next section) the experimental intensities
Iexp(S) are compared with calculated values

Legie(S) = exp (—(u?)S)* f{ 1 +Zwkfca1c,k(5>1, (1)

(l_l) k

here (uz) are the mean-square atomic displacements, f'is
the atomic scattering factor for electrons, wy are the varied
probabilities of the presence of a structural fragment &
comprised of Ny atoms and

]calc,k (8= i{ Z M:l @)
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is the Debye formula [26]. Here ryy is a distance between
a pair of atoms in a structural fragment k£ and >, w;, =1.
The value ¢ (in contrast with isolated clusters [27]) charac-
terizes a fraction of atoms belonging to different fragments
whose oscillating terms with /., (S) (Eq. (2)) mutually
cancel each other in 7 ,.(S) (Eq. (1)) giving a contribu-
tion only in the monotonic term ~ f~. The electron diffrac-
tion intensities /exp are the functions of the scattering wave
vector S =4nsin®/A. Here, 20 is the scattering angle,
and A is the de Broglie wavelength of the electrons.

The calculated diffraction intensities are compared with
experiment by means of minimization of the reliability
factor
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_ ZS|Iexp _Ica1c|
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with respect to wy, helre the summation over S is performed
with the step 0.02 A

R

3

5. The structure of carbon films

We tested previously [14,18] numerous structural com-
ponents including graphite, fullerenes, schwarzites, nano-
tubes in order to describe the S dependences of the diffrac-
tion intensities lexp(S) from carbon films. We have found
in particular very limited contribution of differently sized
graphite fragments with their total amount not exceeding
~10% that is also confirmed in the presented study. Car-
bon nanotubes, whose probable appearance in our samples
could owe to the symbiosis with the carbon honeycomb
structures [14] have overall contribution wy as a rule not
exceeding 3—4%. The carbon honeycomb structures in ma-
jority prevailed under the proposed preparation conditions.
For this reason in the study described here we used only
honeycomb structures with addition of small pieces of gra-
phitic carbon for evaluation of its probable contribution.
The carbon honeycomb is not a single structure but is a
family of structures. The honeycomb hexagon side sizes
are ag =(2.5+1.5n)ryy for a zigzag type structure; here

graphite

Fig. 2. (Color online) The carbon structures corresponding to the
best-fit analysis of experimental diffraction intensities: the random
honeycomb of a zigzag type (hcZ) found previously in [14], a
fragment of a regular densest honeycomb structure also of a zig-
zag type (hcZn0) for n = 0 in ag (see the text), the densest honey-
comb structure of an armchair type [20] first identified in our
experiment (hcAl, a is a parameter of the hexagonal honeycomb
lattice) and a small graphitic fragment (Gr), whose contribution to
the total diffraction intensity is ~ 5% (see Fig. 3).

ryn =1.44 A is the nearest neighbor distance in a graphitic
layer and # is an integer. The total classification of the arm-
chair honeycombs is presented in [20].

In Fig. 2 we show the structures, which were found to
be the best candidates for the analysis of the experimental
diffractogram presented in Fig. 3(a) by means of the fitting
procedure described in the previous section. Usually three
broadened peaks can be identified in such diffractograms.
If we worked with glassy graphite their positions would
coincide with vertical lines in Fig. 3(a). The graphitic peaks
(100) and (110) correspond to relevant hexagonal spacing
inside the graphene plane while the peak (002) — to the
distance between graphitic layers. Therefore two peak po-
sitions (100) and (110) may also be expected in the honey-
combs as well since walls of these structures are essentially
graphene ribbons. But no distinct peak in the graphitic po-
sition (002) is visible. Instead at the noticeably smaller angle
we can see the well identified peak, which is close to the
(100) position of the hexagonal honeycomb lattice of an arm-
chair type (hcAl) although not exactly. The other honey-
combs presented in Fig. 2 also contribute to this peak at
a little smaller angles (or S).

The total distribution of all contributing structures over
cell sizes (a) is shown in Fig. 3(b). For graphite whose
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Fig. 3. (Color online) The experimental and best-fit calculated
diffraction intensities for the carbon films specifically prepared as
described in the text to form the cellular structures of a honey-
comb type (a). Relative contributions of different structures found
from best-fit analysis and presented in Fig. 2(b).
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S, A

Fig. 4. (Color online) The diffraction intensities recorded during
deposition of carbon dioxide at ~ 80 K, which indicate fast ab-
sorption of the gas during condensation, and angle intensity de-
pendences (or on S) for formed composites as compared with
a carbon substrate at further heating.

contribution was found ~ 5% we used here the interplanar
distance of 3.43 A. It is obvious that the honeycomb struc-
tures are absolutely dominant in our study. In this work we
first identified the densest honeycomb structure of an arm-
chair type (hcAl) shown in Fig. 2.

6. The absorption—desorption effect

As it was described above intensive absorption of carbon
dioxide occurs when molecules are deposited on carbon
films prepared from vacuum sublimated graphite below the
sublimation temperature 7Tgyp). There were analyzed two
options. When we deposited gases well below Tgyp) first a
good quality polycrystalline films with the intrinsic molec-
ular dynamics formed [14,18,28]. After gradual heating
and further keeping condensates a few degrees lower Tgyp|
CO7 molecules were absorbed by the carbon supporting
films owing to fast diffusion and stronger interaction with
pore walls as compared with interaction between molecules
themselves. In this work we condense carbon dioxide at
~ 80K, ie., only a few degrees lower Tgyp), and intensive
absorption occurs already during deposition. Polycrystalline
peaks, which are initially well visible, fast disappear (Fig. 4).

We analyze further evolution of formed composites,
i.e., CO2 molecules absorbed in carbon honeycomb matri-
ces, under heating up to ~ 230 K considering a difference
between experimental intensities / from composites and
Isups from a carbon substrate (Fig. 5). The absorbed gases
can be identified owing to the wide but well defined peak
attributed to molecules captured in the carbon honeycomb
matrices. This means that molecules are not randomly dis-
tributed in carbon matrix channels but form some kind of
short range order. The important question is how atoms
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Fig. 5. (Color online) An access of experimental diffraction intensities from composites formed by carbon dioxide absorbed in carbon

honeycomb matrices during deposition closely to Tgyp] of CO2 in vacuum as compared with intensities from a carbon substrate. On the
right diffractograms are shifted along vertical to make details visible. A wide but well defined peak is attributed to molecules with short
range order captured in the carbon honeycomb matrices and is kept up to ~ 230 K that is about three times higher as compared with

Tsubl ~ 86 K.
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and molecules can be distributed inside porous carbon ma-
trices. The exact answers can be obtained by direct model-
ing such composites applying, e.g., the Monte Carlo me-
thod [29,30].

During deposition along with the absorbate broad peak
we can see also distinct peaks from polycrystalline CO;,
films. But these polycrystalline peaks fast disappear al-
ready at 82 K. The broad absorbate peak evolves with tem-
perature changing its form and height. It is most plausible
that this peak is a superposition of two or more contribu-
tors. Most diffractograms exhibit this peak splitting into at
least two positions. One is close to the (111? diffraction
peak of polycrystalline CO, at S ~ 1.95 A that imply
local molecule arrangements similar to those in crystalline
carbon dioxide. The other peak is located at smaller S and
mutual molecule positions and orientations corresponding
to this peak require more detailed modeling.

To analyze the temperature behavior of composites we
average intensities shown in Fig. 5 over the main broad
peak in the S interval 1-2 AT (marked by “ave”) and con-
sider such a signal as a function of temperature (Fig. 6).
We see a distinct decay of this signal at elevated tempera-
tures from its highest value at the deposition temperature to
about three times weaker intensity at 7~ 230 K.

We can distinguish at least two stages in the tempera-
ture dependence shown in Fig. 6. One stretches from the
deposition temperature up to ~ 140 K while the other one
exhibits another decay between 140 and ~ 230 K. It is na-
tural to suppose that inside cells in carbon honeycombs
CO, molecules can interact with pore walls stronger or
weaker depending on channel configurations and sizes. In
the less dense random honeycomb structure the CO, absor-
bate cannot be kept at sufficiently high temperatures while
in the denser structures hcAl and hcZn0 bonds with pore
walls apparently are much stronger.

Two-stage desorption

O stagel
m  stage2
fit stagel
—— fit stage2
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| | | | | | | |
80 100 120 140 160 180 200 220 240
T,K

Fig. 6. (Color online) Temperature dependence of the diffraction
intensity access with respect to a signal from a carbon substrate
that exhibits two — stage character of CO; desorption in a wide
temperature range up to 7 values about three times higher as
compared with the sublimation point of polycrystalline carbon
dioxide in our vacuum conditions.
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For fitting the experimental data we use the exponential
decay function f(T)=a+byexp (—(T -Ty)/c)+b,T for re-
duction of diffracted intensities (/ — Igyps in Fig. 6) with tem-
perature 7T associated with the molecule release from larger
or thinner channels in the first and second stages respec-
tively (a, b1, ba, ¢ and Ty are fitting parameters). In both
stages we observe a slight “linear” growth of intensities
that can be ascribed to relaxation of structures formed in
carbon nanochannels towards to their better arrangements.

Conclusions

Varying the preparation conditions under sublimation
of carbon patches from the thinned graphitic rods heated
by the electric current we have found that at the parameters
corresponding to the faster deposition and therefore to the
denser structure formations honeycomb structures are still
absolutely dominant. In these regimes we could also obtain
the armchair type honeycomb structure (hcAl) with thin-
nest possible for honeycomb channels, which was earlier
not identified.

In this work we analyze the behavior of composites
formed from the carbon honeycomb structure filled with
carbon dioxide at elevated temperatures and have found
that complete desorption of carbon dioxide captured in the
carbon honeycomb matrix does not occur even at the tem-
peratures about three times higher as compared with the
sublimation point of CO; in a polycrystalline state in our
vacuum conditions.

The desorption observed as a temperature function has
distinct two-stage character that is attributed to differently
bonded CO; molecules with honeycomb walls depending
on channel configurations and sizes. Apparently in the thin-
ner channels of the densest honeycomb of an armchair type
(hcAl) and in a densest structure of a zigzag type (hcZn0)
CO; molecules are kept by walls much stronger as com-
pared with their interactions with walls in random struc-
tures of a zigzag type.
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Abcopbuis—aecopOuis Byrnekucnoro rasy
y ByrneueBmx coTax npu nigBuLLeHNX TemnepaTypax

H.B. KpanHiokoga, FO.C. boraaHos, b. Kyxta

HeonaBHO CHHTE30BaHWI BYIJICLEBUH CTIIBHUKOBHIA anoT-
POII Ma€ YHCIICHH] IOTEHIIIHHI 3aCTOCYBaHHs, 30KpeMa JuIs 30epi-
raHHA Ta3iB BCEPEAMHI BYIJIELEBUX MaTpHlb. Taky ByrJeLeBy
(hopmy OyJI0 EKCIIEPUMEHTAIBHO JOCHIHKEHO B 11 OLTBII IMTBHIH
¢dopmi, m00 OLIHUTH BEPXHIO FPAHUIIIO TEMIIEPATYPH, NP SIKiK
ra3 30epiraeTscsi BcepeanHi mopucroi ctpykrypu. Iopsix 3 pani-
I1I€ 3aIIPOIIOHOBAHUMH BHIIJIKOBUMH CTiJIbHUKAMH 3UI3aronomio-
HOTO THIy BHSBJICHO HAWOUIBLI LIJIBHY CTPYKTYpY THILy arm-
chair. Mexani3M noriarHaHHI—IecOPOLsl AIOKCHIY BYTJICLIO, 1110
JOCTIKEHO 3a JIOIIOMOT 010 AU(paKiii eIeKTpOoHIB BUCOKOI eHeprii
OpH HU3BKHAX TEMIEepaTypax, MOKa3aB IBOXCTANIHHHUNA XapakTep
JecopOrii, sIkuit crocTepiraeTbesl IPH MiIBHUINEHHI TEMIEpaTypH.
Lleit epexr noB’si3aHuil 3 OUTBII claOKUM abo OUTBII CHIIBHUM
3B’S13yBaHHSAM MOJIEKYJ 31 CTIHKaMH HOp B 3aJISKHOCTI BiJl KOH-
KpeTHOi KOH}irypauii kaHajiiB pi3HOro posmipy. BussieHo, 1o
noBHa aecopbuist CO, He BiOYBAa€THCS HABITH IPH TEMIIEpa-
Typax NpUOJIM3HO B TPH Pa3sH BHIUMX Y HOPIBHAHHI 3 TOYKOIO
cyGuimarii ByrJIeKUCIIOro ra3y B HalllX BaKYyMHHX YMOBaX.

KutouoBi croBa: qud)pakilis BHCOKOCHEPIETHYHHX EJIEKTPOHIB,
ra3oBa abcopOIis, ByTJIeleBi CTUIEHUKY.

Abcopbuunsa—aecopbLmsa yrinekucnoro rasa
B YrNepoaHbIX COTax Mpu NOBbILLEHHBLIX TEMNepaTypax

H.B. KpaniHtokoBa, HO.C. borgaHos, b. Kyxta

HenaBHO cuHTEe3upOBaHHBIN YriIepOIHBII COTOBBIA a/LIOTPOI
UMEET MHOMKECTBO MOTEHIMAIbHBIX NMPUMEHEHUH, B YaCTHOCTH
JUISL XpaHEeHUs Ta30B BHYTPH YIVICPOIHBIX Marpwuil. Takas yrie-
ponHas ¢popma OblIa IKCIIEPUMEHTANBHO HCCIeJ0BaHa B ee Oonee
IUIOTHOI (hopMe, YTOOBI OLIEHUTH BEPXHUH HpeJiell TeMIIepaTyphl,
IIPU KOTOPOHM Tra3 COXPAHAETCS BHYTPU SUYEHCTON CTPYKTYpBHI.
Hapsiny ¢ panee npeio)KeHHBIMH CITydaiHBIMH COTaMH 3HI3aro-
oOpa3Horo Tuma oOHapy)XeHa camas IJIOTHas CTPYKTypa Tuma
armchair. MeXaHHU3M MOTJIOIICHHE—ICCOPOIHS TUOKCHIA YTIie-
poza, u3ydaeMblil ¢ MOMOLIBI0 U(PAKIMU dIEKTPOHOB BBICOKO
SHEPTHU NPH HU3KUX TEeMIepaTypax, HoKas3aa ABYXCTaJUHHBIH
XapakTep HaOnogaeMol necopOLUHU MpPU MOBBILICHUH TEMIIEpa-
TypbL. OTOT 3pdexT cBsi3an ¢ Gonee cnadbM UM O0JIee CHITEHBIM
CBSI3BIBAHHEM MOJIEKYJI CO CTEHKAMH MOP B 3aBUCHMOCTHU OT KOH-
KpeTHOH KOH(QUrypaluy KaHAJIOB pa3HoOro pasMepa. OOHapyxe-
HO, 4TO TonHast gecop6buust CO, He MPOMCXOAUT Nake MPH TeM-
repatypax IPEMEPHO B TPHU pa3a OoJiee BEICOKUX 10 CPABHEHUIO
C TOYKOM CyONMMAlMU YrJIEKHUCIIOTO ra3a B HAMIMX BaKyyMHBIX

YCIIOBHSIX.

KitoueBble cioBa: AMQPAKIMA BBICOKOIHEPTETUYHBIX 3JIEKTPO-
HOB, ra30oBast abCOpOIHs, YTIICPOHEIE COTHI.
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