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Following the intercalation process of H,SO, into pyrographite by x-ray microscopy
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A time series of radiographic images with a lateral resolution in the micrometer range has been recorded in
order to follow,in sity, the intercalation process of 30, into pyrographite. The use of x-ray microscopy
allows us to visualize and to quantify intercalation fronts inside the specimen giving direct access to interca-
lation velocities and hence to mobility and diffusion coefficients. The coexistence of various fronts is demon-
strated in metastable kinetics situatio[80163-182807)05632-4

I. INTRODUCTION acquired by x-ray microscopy combined with conventional
electrochemical curves.

More than 70 years after their discovery, a constant inter- Electrochemical intercalation of $$0, into pyrographite
est is taken in intercalation compounds either from the theohas been chosen since it is a well-known process which oc-
retical point of view or for the application purposes. This curs via stage formation: dense layers of solvated hydro-
interest results from the possibility to intercalate a large vagenosulphate ions successively invade interlamellar spaces
riety of partly ionized elements or molecules between the?f graphite ordered along theeaxis[Fig. 1(a)]. The equilib-
layers of lamellar crystals such as graphite, molybdenum/ium potential versus charge curée=f(Q=1r) is charac-
disulphide, etc. Intercalation modifies the properties of thderized by a two-phase plateau alternating with capacitive
crystal host leading to synthetic materials of adjustable anliN€ar slopes for pure stag@awith faster intercalation con-
isotropy. Then, the specific electronic properties of theséjmonS thls_curve appears I(?SS contrasted suggesting meta-
compounds open fields of applications in catalysis, eIectrica?table multiphase configurations, as demonstrated using Ra-

conduction'? or more recently, for electrical energy storage,rnan Iaser_spect_roscopy for mtercalgﬂon C.’f Li into BES
: T Such coexisting intercalation fronts will be investigated here
for instance in lithium-ion secondary batteries.

. : . by x-ray microscopy.
Intercalation compounds are basically characterized byy y Py

three data, i.e., their chemical composition or stoichiometry,
their stages (number of graphene layers separating two in-

PTFE

tercalated layejs and the charge of the carbon layers. , S
. . . . M S L LY
This charge is directly deduced from the current integra- |k
tion during electrochemical intercalation while the stage val- e
ues are determined by situ x-ray diffraction? One problem stage 3 stage 2 stage 1 stages 1 -2
. . . . . de-intercalation
for suchin situ characterization is the lack of lateral resolu-
tion: x-ray diffractometry provides only global analysis, at Lo
best, on areas in the square millimeter range. carbon layers intercalated species free HySO,

Elsewhere the chemical composition is only achieved
from ex situ sequential microanalyses of samples obtained
from quasiequilibrium electrochemical curves. Moreover this
procedure may lead to possible intercalant loss during the
specimen transfer out of the electrolytic solution. In fact, the

(a)

most suitable experimental method to follamwsitu interca- l0MOhms  RE. PIFE RX
lation processes seems presently to be x-ray microscopy if ____{ .
one considers the intrinsic advantages of this technique to oy _ P
observe the bulk of rather thick specimens even set in liquids ,ic_e:f&) ........

and its sensitivity for the detection of medium elements em- . ccorde — o=
bedded in light matrice$ This technique has been already cE ¢2 & HyS0, intercalated |
used with good results by Anderson Axdal and Chbiagd galvanostat WE e

its usefulness has recently been demonstrated by Rondo
et al. for following the Zr?* ion diffusion in aqueous
media’ Combined with the speed of the image acquisition
brought by a charge-coupled devi(@CD) camera used as  FG. 1. (a) Cross-section representation of the specimen during
detector, this technique seems thus particularly convenient te intercalation and deintercalation processes. The staggre-
follow the intercalation-deintercalation processes into py-sponds tos layers of HOPG layer for one layer of 480,. (b)
rographite. The corresponding experiments are reported b&chematic drawing of the cell: CE, counter electrode; WE, working
low. The aim of this paper is to show that information can beelectrode; RE, reference electrode.

(b)
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1.5 ; ; ; = 1.5 simply using itsx movement in order to change the target. A
specimen holder allows us to visualize different parts of a
sample by moving it in the-y-z directions.

Depending upon specimen position, the lateral resolution
is situated between the x-ray source dimensiaround 1
pm) and pixel sizelaround 25um) of each detecting CCD
camera element. In the present work, the lateral resolution is
A around 10um. Detection limit of heavy atoms embedded in
G a weak absorbing medium reaches 4Catom/atom, and
Hl  n+t | even, 10° atom/atom in particular cases. The advantage of
the experimental arrangement is related to the speed, the
0 } } } 0 good linearity, and the wide dynamiap to 3x 10%) of the
0 20 “°Q(mA M:)" 80 100 two-dimensional2D) detector.

Moreover, because these images are acquired and digi-

FIG. 2. ExperimentaE,;=f(Q) curve obtained during the in- tally stored, they lead themselves naturally to direct measure-
tercalation process of }$0, into pyrographite. Conventional ment and quantitative analysis of specimen absorptivity at
E,=f(Q) quasiequilibrium curve(slow operating conditionsis ~ each pixel. Following the well-known Beer law
shown as a reference. The intensity was0.5 mA for a mass of  [| =] exp(— ut) with x the linear absorption coefficient and
36.66 mg(fast operating conditions The various stages are indi- { the specimen thickneka logarithmic compression of each
cated on theE=f(Q) with also the charge valudS,;. The points  jmage permits us to obtaint maps® Considering that dur-
indicated bya—f on the experimentdk, =f(Q=17) curve corre-  , is jntercalation a sample includes alongdtaxis a con-
spond to the electrochemical situation for the images of Fig. 3. stant thickness, of graphene layers and a variable thickness
t; of intercalated speciedS), one can write
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Il. EXPERIMENTS

In the reported experimerfFig. 1(b)] the specimen is M= potot piti=(pt)o+Ant, @
made of a Paralleleplpedlc highly oriented pyrographite\ynere 1, and u; are the linear absorption coefficient of the
block (HOPG: 5.05¢4.15x 0.80 mn?) inserted into a poly- graphite and of the IS, respectively. The thickngsis pro-
tetraﬂuorethylenePTFE) thermoretrac_tab_le cell _vvhere exter- portional to the IS quantity so that the composition of the
nal walls are 70um thick. The cell is filled with 96 % H  jntercalation compound, written as the ratio of the number of

2SO, (CARLO ERBA, 18 mol I'!) before being hermeti- jntercalated molecules on the number of carbon atoms is
cally closed(the microscope vacuum is thus protegted

The electrochemical setup includes three classical elec- witi o
trodes[Fig. 1(b)]. A pseudohydrogen reference electrode is C=—— G —Kaut, v
realized by negatively polarizing a platinum wire with an I Koo
electric circuit between this last one and the counter elecwhereo ando; are the cross sections of the graphite and of
trode (CE). Two platinum wires crossing the cell wall ensure the IS, respectively, witlk a constant if the radiation is con-
an electric contact, respectively, with the soluti@ounter sidered monochromatic.

electrode, CEEand the graphitéworking electrode, WE A Graphite bisulfates are often written as
constant current is applied between WE and CE by means of .
an external power supply. The cun&WE-RE)=f(7) is C,HSO,~, xH,SQy,

continuously plotted during a time series acquisition of X-Tay o oes is the stage numbek andn are factors related to
images(Fig. 2, curve 2 (RE is the reference electrod®ue the stoichiometr %nd o the charae of the compound

to a limit on beam currentsee the next paragrapho get It i tg that int lat g I P ) ilig-
sufficient signal one must use a large intercalation current IS hoteworthy that Intercalatec monoiayers are quasiiiq

. ; . uid with the same density as the free,$0, (1.83 g/lcm?)
13.6 mAfg) with the consequence of smoothing the ex eri-2! : . 4 ;
ﬁnentaIEz 12(7-) curve relati\?e to the convention%l 0|(1léig.p and a thickness of 4.65 A. Comparing these values with the

2, curve 1. On Fig. 2, curve 2, stage 3 is not clearly distin- graphite oneg2.2 g/em® and a planar spacing of 3.35) A

guishable and equilibrium plateau between stages 3-2 anlg"Jlds to the relation

stages 2-1 are inclined. n~7(1+x) ®)
The x-ray microscope is of the shadow type. Our original ’

setup is derived from a conventional scanning electron mii.e.,

croscope equipped with a cooled CCD canfet@The x-ray

beam is generated by the bombardment of a metallic target _l+x 1

with a primary electron beam whose energy can vary from 1 = s " 7s “)

to 30 keV. The continuous use of the filament under extreme

conditions to have a large beam intensity makes its deterio- The ut image acquired at each time of the intercalation

ration very likely and consequently increases the risk ofprocess[(ut)q,(ut)s, ..., (ut),] includes the absorption

breaking the experiment: it is then necessary to shorten thef the wall cell and of the HOPG specimen. But this spurious

duration of the experiment as far as possible by increasingontribution can be easily removed by subtracting, pixel by

the intercalation current. In the vacuum chamber, a targgpixel, each imagegt), from the first one fct), (acquired at

holder permits us to vary the energy of incoming photons bythe beginning of the processn order to obtain[from
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200-195 210-205 345-340

195 min 205 min 280 min FIG. 4. Difference between two successiyet images
(mt)n— (mt)p—1, in order to outline the progression of the,$0,
fronts (in black). (a') corresponds to thd ut change fromr=75

in to 7=80 min, where three different stages coexist: stages 2, 3,
and 4 from bottom to top. The progressions of stages 2 afid 3
black are nearly the saméFor their penetration velocity see Fig.
5.) (b") corresponds to thé ut change fromr=80 to 85 min,
where the three stages 2, 3, and 4 coexist #g)ir(c’) corresponds
to the A ut change fromr=170 to 175 min. No significant change
is visible: pure stage 2. (3l corresponds to thd ut change from
7=195 to 200 min, where two different stages coexist: stages 1 and
2 from bottom to top(For the penetration velocity of stage 1 see
Fig. 5) (€') corresponds to tha ut change fromr=205 to 210
min, where stages 1 and(&om bottom to top still coexist. (For
the insertion velocity of stage 1 see Fig) &) corresponds to the
Aut change fromr=340 to 345 min. No significant change is

. visible: pure stage 1. The corresponding electrochemical situations
(,ut)n—(,ut)q] the Aut value of only the mte_rcalat_ed spe- (a1, (b'), (¢'), (d), (¢), (f'), are indicated on Fig. 2.
cies according to Eq(1). Also, the subtraction, pixel by

pixel, of two successive imagesu{),— (ut),_1, allows us  curve 2 the poor stages cannot be analyzed. However, this

to visualize the spatial change of the intercalated species bean be done by x-ray microscopy using Fig. 4(as refer-

tween the corresponding acquisition period. ence in which there is only the pure stage 2. Indeed, the
In the present experiment, the total numbkof acquired  measured value on the corresponding areas of imégd®

microradiographies was 80; their acquisition time was 1 minthe stage 2, is4ut),=1.6. This experimental value is as-

and the interval time between two successive images was $ociated with the theoretical concentratiop=7.14x 102

min. The operating conditions for the x-ray microscope wereS/C as deduced from E@).

lo=1 uA; E;=30 keV (primary beam intensity and energy,  Then, (A ut),=0.35 for the initial stage on Fig. 3a) (in

respectively and the used radiation was produced with ablack) corresponds te,=1.56x10 2 S/C, i.e.,s~9.1, near

FIG. 3. Examples of images resulting from a logarithmic com-
pression of microradiographies taken at different instants of th
intercalation process 7{=10 min; 7,=40 min; 7,=125 min;
74= 195 min; 7.=205 min; =280 min and a subtraction, pixel
by pixel, from ther=0 min microradiography foa, b, andc, and
from 7=185 min microradiography fod, e, andf, to improve the
view of the intercalation front. Here, only the imagesb, andc,
correspond to 4t),— (ut)g=Aut and then to the absorption of
H,SO,; the images d, e, and f, correspond to
(ut)n=(ut) ;5= Aut—(Aput),g5. The corresponding electro-
chemical situationa—f, are indicated on Fig. 2. WE is the shadow
image of the Pt working electrode having approximately a G50
width. We notice that WE moves during the intercalation process a
a result of pyrographite swelling.

cobalt target foil, 3um thick. stage 9. The deviation betweenMt)q and 2(A ut), may
result from the statistical fluctuations of the counting and
IIl. RESULTS from the drift of the incident-beam intensity, in addition to

the beam hardening effects associated with the use of the

Figure 3 presents six images resulting from the differencenonmonochromatic beam.
(ut)y—(ut)y for Figs. 3a), 3(b), and 3c) or The subtraction gt),,— (ut),,_4 is illustrated in Fig. 4. In
(mt)n— (ut)1gs for Figs. 3d), 3(e), and f) (to improve the the usual electrochemical conditions of Figs. ‘3(and 4
view of the intercalation front where (ut), corresponds to (b’), a mixture of stages 3 and 4 was expected. In actual fact,
the following acquisition instant&) =10 min, (b) 40 min,  x-ray microscopy demonstrates that three distinct phases co-
(c) 125 min, (d) 195 min, (¢) 205 min, and(f) 280. The exist with stage 2, 3, and @&om bottom to top. Further-
position of the corresponding electrochemical statef are  more, the progression of stage 2 into 3 is similar to that of
indicated on the experimental potential cuifég. 2, curve stage 3 into 4, giving then additional experimental informa-
2). tion for this process. The absence of a front on Fig/ #(s

Figure 3a) shows the beginning of the intercalation pro- consistent with thé&=f(7) curve where only a pure stage 2
cess with the intercalation of a poor sta@ie black) into  is expected. In fact, during pure stage charging, the acid
pristine HOPG(in gray). From theE=f(7) curve (Fig. 2,  concentration remains constant, only the ionicity changes
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(together with its hydrogen contgntn the same way, Figs.
4(d') and 4(é) show that stages 2 and 1 coexist and also
Fig. 4(f') proves that stage 1 is a pure stagefer340 min.

The direct view of the process also permits us to observe a
front bending that is probably due to the fact that the HOPG
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sample was more compressed at its borders than at its central

part because of the thermoretractable cell, thus preventing
the acid access.

IV. DISCUSSION

For each stage, the intercalation velocity can be easily
estimated from the measured values of the penetration length
d (of stages), at fixed time intervals. Fromut) ,— (ut)n—1
images,d; experimental values have been plotted as a func-
tion of time (open symbols on Fig.)5

From Fig. 5a), the penetration velocity of stage 3 into
poorer stagep is vz, ,=(d(d3)/d7= 120/\/73 wm min~!
resulting from d;=240J/75: the process appears conse-
quently as quasidiffusional. In opposition to this behavior,
the progression of stage 1 into stage 2 follows a linear pro-
cess(Faraday’s law which regression givesl;=307 and
v1-,=30 ummin~! [Fig. 5c)]. Between these extreme
situations, the penetration of stage 2 into 3 shows a mixture
of these two behaviors and two distinct periods: before and
after 7,=40 min [Fig. 5b)]. Indeed, for 7,<<40 min,
(d,),=175/7, consequently, u, .3);=87.5h/7, um
min~! and besides, for,=40 min, (d,),= 307, therefore,
(v5_3)2=30 um min~ . In that case the process is firstly,
quasidiffusional and secondly, line@faraday’s law.

In the same way, apparent diffusion coefficiems of
HSO,~ have also been calculated for quasidiffusional pro-
cesses considering=/D/7. We find for the front advanc-
ing of stage 3 into poorer stag@;=2.4x10"% cm?s™ 1,
and for that of stage 2 into stage ®),=1.1x10"°
cm?s 1. Those values are in relative agreement with Fuijii's
ones deduced from pure electrochemical measurem®nts.

Considering some analogy with Stefan’'s law for the
propagation of fusion-solidification fronighey progress as
the square root of both the time and the temperature devia-
tion), and in the case of a potentiostatic confttawhich
appears here in fast operating conditions with the emergence
of a strong overpotentigl we have proposed the following
law for the penetration speed:

v=+vAE/T (5)

wherev is an electrical mobility and E the overpotential. It
appears here th&@i=vAE depends of the experimental con-
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ditions throughAE. FIG. 5. Penetration lengtdg (versus timers=7— 7, with 7

Finally, the same procedure was applied during thestart of stages): (a) for stage 3 into poorer st.age(sh) for stgge 2
deintercalation process. X-ray microradiographic images firsf't© Stage 3(c) for stage 1 into stage 20pen circles, experimental
show a delay of around 25 min between the polarity reversaﬂesuns: full lines, best fit using root square and linear laws.

(of the electrodesand the beginning of the opposite Process.to: the deintercalated acid around HOPG samifi. 1,

Also, these imagegiot shown present a uniform absorption ointercalationand this leads to a constant x-ray absorption.
suggesting very curiously that HSO ions are evacuated g this phenomenon needs further studies to be verified.
continuously from the graphite layer without migration

fronts. This phenomenon may be explained considering that
the thermoretractable PTFE embedding the sample is suit-
able to intercalation but not to deintercalation. Indeed, this X-ray microscopy has been used to investigateithsitu

PTFE irreversibly expanded during intercalation leaves roonintercalation process of 80, into pyrographite. The coex-

V. CONCLUSION
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istence of various fronts has been established in metastabieography(i.e., the 3D reconstruction of HOPG blgc#ur-
kinetic situations; the intercalation velocity of stagento  ing the intercalation process in order to visualize in three
stages+ 1 has been measured. Two different regimes for thalimensions the migration front of intercalated species. This
penetration speed of stage 2 into stage 3 are then suggestiedt experiment is feasible but it requires the building of a
and the corresponding diffusion coefficients evaluated. rotating cell.

In the near future, we plan to observe bi-intercalation pro- These examples show that x-ray microscopy as performed
cesses in the presence of two different intercalated specieith our instrument may open additional fields of investiga-
This seems to be a reasonable aim because of the ability ¢ibn in electrochemistry and chemistry in condensed media,
our technigue to map the different components of a giverwhere the lack of techniques for microinvestigation is obvi-
specimen(by using various characteristic radiationg'®'?  ous. Its application to electrointercalation may be useful for a
Another possible experiment is to perform x-ray microto-better understanding of kinetics mechanisms.
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