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The kinetics of structural transformations of atomic-layered structures of highly ori-
ented pyrographite intercalated with potassium (CgoK, CggK, C,yuK, and CgK) at Tyopg =
300°C has been studied by in situ XRD. The shape of the kinetic curves suggests a
complex nature of the rearrangement of the structure of C,,x into CzgK and C,gK: first,
CjeK is formed from C,4K, and then C,gK. The CgoK phase with a minimum potassium
content is observed only at the final stage (¢ = 24 h), when the remaining phases are
practically not detected. Only the CgyK phase with the lowest potassium content is found
to be structurally stable for 5 months.

Keywords: intercalation-deintercalation kinetics, high-oriented pyrolytic graphite, po-
tassium, X-ray diffraction.

Kimetuka ¢asoBuX mepexomiB y BUCOKOOpicHTOBaHOMY rpadiri, iHTepkaaboBaHOMY
kajgiem. [.@.Muxaiinos, I0.H.3yb6apes, A.I.Muxaiinog, B.B.Mamon, C.C.Bopucosa, C.B.Cypo-
BUULKUIL.

KineTuka CTPpyKTYypPHUX TEPETBOPEeHb aATOMHO-IITAPYBATUX CTPYKTYP BUCOKO-OPi€HTOBAHO-
ro miporpadiry, inTepranbosanoro kajiem (CgoK, CagK, CyyuK, Ta CgK), mpu Tyopg = 300°C,
IOCJIiIsKEeHO MeTOJOM peHTreHiBehbkol amdpakrnii in situ. Dopma KiHETHUYHUX KPUBUX
cBigumTh PO cKIagHYy IpuponHy mepebymoBy crpykTypu C,uK Ha CagK ra CygK: cmouarky a
C,4K yreoproersea CagK, a morim C,gK. ®asa CgoK 5 mimimanmpaum Bmicrom 3’aBagerhca
Jguire Ha s3asepmiaabHii craxii (¢ = 24 rox), xouu iHmi hasy OIPAKTUUYHO HE BUABISIOTHCH.
Tinern dasa CgK 3 maiimenmum BMicToM Kamilo BHABMIACA CTPYKTYPHO CTA0iNIBHOIO IPOTA-
roM 5 MicsAIig.

KuHeTuKy CTPYKTYPHBIX IIPEBPAIleHUIl ATOMHO-CIOUCTLIX CTPYKTYP BLICOKOOPUEHTUPO-
BaHHOTO muporpadura, narepkanuposannaoro KanueM (CgoK, CaK, CyyK, u CgK), mpu T'yope
= 300°C, ucciegoBaHa MeTOJOM PEHTTeHOBCKON audpaknuu in situ. dopMa KUHETUUECKUX
KPHUBBEIX CBH/ETETLCTBYET O CJIO0KHOM Ipupoje mepecTpoiiku cTpyKTypsl CoyK B CaK 1 CygK:
cuavana us C,,K obpasyercsa CygK, a sarem C,gK. @asa CgoK ¢ MEHEMAIBHEIM COTEPIKAHNM-
eM Kaausd HabJmogaeTcsa TOJIBKO HA 3aBeplIalolieil craguu (¢ = 24 u), Korga ocraibHbIe (Passl
mpakTHYecKr He obHapysusaiorcda. Tombko dasa CqoK ¢ HamMeHBIINM cofep:KaHreM KaJlud
0OKa3aJach CTPYKTYPHO CTAaOUJIBHOM B TeueHUe H MECSIEeB.

1. Introduction possible to create layered structures with a
mono-atomic layer thickness. This ensures
the realization of quantum effects in ther-
rographite and fullerene presents a new mal and electrical properties, as well as the

class of materials. In these materials, it is specificity of monochromatization of X-ray
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radiation and thermal neutrons. The first
works devoted to the study of intercalation
processes appeared in the 80s—90s of the
last century [1-4]. In recent years, interest
in these materials has increased, which is
due to the prospects for use in many indus-
tries [5—9]. Work on the intercalation of
highly oriented pyrographite is being car-
ried out in the United States to create ther-
mal neutron monochromators. In 2011, the
first such monochromator was installed at a
US research center at a thermal neutron
source [10]. In these works, it was found
that the most difficult problem is not the
creation of an intercalated single crystal,
but the degradation of structural charac-
teristics, which is determined by the kinet-
ics of the intercalation-deintercalation proc-
ess. The kinetic characteristics of these
processes have not yet been thoroughly
studied. This makes it impossible to under-
stand the physicochemical laws and to block
the processes of degradation of the struc-
tures. A few studies carried out in this di-
rection abroad [5, 9] are not able to estab-
lish either the order of reactions at each
stage, nor their speed and activation en-
ergy. These problems can be solved only if a
complex of structural methods is used [11,
12]. The use of these X-ray methods makes
it possible to experimentally isolate the con-
tribution of each process and to establish
experimentally the limiting stages of the
intercalation-deintercalation process. Block-
ing the degradation of the structure is pos-
sible only by external action on the kineties
of deintercalation under the control of the
rate of three main processes: consumption
of the metal source, escape of the metal
outside the reaction volume, saturation of
the carbon material with metal with the for-
mation of a layered structure.

The aim of this work was to study the
kinetics of deintercalation of atomic-layered
structures of highly oriented pyrographite
intercalated with potassium (CggK, CsgK,
Co4K, and CgK) by X-ray diffraction.

2. Experimental

The installation for intercalation of high-
oriented pyrolytic graphite (HORG) consists
of a quartz tube with a diameter of 20 mm
and a length of 300 mm, welded on one
side, a valve, two heating stoves, stove
power supplies and temperature meters. The
quartz tube is connected to the valve and
sealed with a rubber seal. The valve to-
gether with a quartz tube is connected by
means of a stainless tube to the VUP-5M
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Fig. 1. Diffraction spectrum of a sample of
HOPG intercalated with potassium in the in-
itial state.

vacuum unit. Two stoves are made in the
form of a separate removable block, which
is put on the quartz tube. The temperature
of each stove was measured using two
chromel-alumel thermocouples. Metallic po-
tassium was placed at the bottom of the
quartz tube, and pyrolytic graphite was
hung on a quartz rod inside the quartz
tube. Potassium was heated by the lower
stove and pyrographite — by the upper
stove. To increase the potassium vapor pres-
sure, a stainless steel beaker was placed
above the sample.

This paper presents the results of a
study of HOPG intercalated by potassium at
a temperature Tpopg = 300°C. In this case,
the temperature of the evaporated potas-
sium was Tg = 235°C.

The X-ray diffraction measurements
were performed using a DRON-8M X-ray
diffractometer in the radiation of the cop-
per anode of the X-ray tube. Monochromati-
zation of X-ray radiation (Cu-K,) was
achieved using a graphite monochromator
installed after the sample in front of the
X-ray detector. All the diffraction spectra
were registered sequentially one after another
in the angular range 1.0 <20 < 50.0 deg.
The duration of each measurement was
25 min. kinetics of structural transforma-
tions during potassium deintercalation in
highly oriented pyrographite under expo-
sure in air at room temperature was studied
by in situ XRD.

3. Results and discussion

The diffraction patterns of the samples
of HOPG intercalated by potassium are
shown in Figs. 1 and 3. In the initial state,
the sample contains preferentially two
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Fig. 2. Kinetic curves of the deintercalation
process for different phases in HOPG interca-
lated with potassium.

phases with the highest potassium content,
CgK and Cy4K (Fig. 1); the phases C3gK and
C4gK, which are less rich in potassium, are
practically not detected.

Fig. 2 shows the kinetic curves of chang-
ing the contents of all the phases regis-
tered. The CgK content decreases with time
according to a linear law characteristic of a
zero-order reaction. The content of the C,,K
phase decreases nonmonotonically with
time, a characteristic inflection of the curve
is observed at ¢ = 4—5 h. The reflections of
C3gK and C,gK phases were too weak at the
beginning of exposure; however, over time,
their intensity increases, reaching a maximum
value at ¢t = 8.2 h for C35K and ¢ = 4.5 h for
C4gK, and then decreases. The position of
the maximum potassium content in the sam-
ple for these phases corresponds to the posi-
tion of the inflection on the C,4K kinetic
curve. The observed shape of the curves
suggests a complex nature of the rearrange-
ment of the structure of Co4K into C36K and
C4gK: first, Cs5K is formed from CyyK, and
then C,gK.

The CgoK phase with a minimum potas-
sium content is observed only at the final
stage (¢ = 24 h), when the remaining phases
are practically not detected (Fig. 3). How-
ever, this phase has a long-term temporal
stability. Exposure of highly oriented
graphite with the CgoK phase for 5 months
does not lead to noticeable changes in the
intensity of diffraction reflections of this
phase, as well as to the appearance of re-
flections of other phases.
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Fig. 3. Diffraction spectrum of a sample of
HOPG intercalated with potassium after ex-
posure in air for 5 months.

4. Conclusion

During temporal exposure of highly ori-
ented pyrographite intercalated with potas-
sium, the sequence of deintercalation was
experimentally established — a transition
from phases with a high potassium content:
CgK and C,4K — to phases with a low potas-
sium content: C3gK, Cug, and CgoK. Only the
CgoK phase with the lowest potassium con-
tent is structurally stable.
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