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The pore structure of hard carbon samples made from two kinds of phenolic resins by heating between 1073 and
1473 K was investigated by '?’XeNMR. The difference of porous structure of hard carbon samples by heat treatment
temperature, which was difficult to analyze precisely by general gas adsorption methods, could be evaluated by Xe NMR
at an equilibrium state of xenon gas adsorption. Carbon samples produced by heating precursors under a 0.1 MPa xenon
atmosphere showed stronger NMR signals than carbon heated at reduced pressure, despite their almost identical powder
X-ray diffraction (XRD) patterns. Applying this method, the dependence of NMR spectra on heating temperature between
1073 and 1473 K was examined. A carbon sample consisting of smaller particles showed almost constant shift values at
about 102 ppm, while the peak of another sample with larger particles shifted between 118 and 82 ppm depending on the
heating temperature. Then, almost all entrances of each sample closed above 1273 K. Using NMR with the improved heat-
treatment by xenon gas, we evaluated pores in hard carbon that were hard to access from the outer surface of the hard

carbon.

Amorphous carbon has been applied to many industrial uses
such as carbon black, carbon fiber, and activated carbon. The
uses are rapidly developing and expanding with the advance of
higher technology. One amorphous carbon material, non-
graphitizable carbon (hard carbon), is expected to be an anode
active material suitable for use in lithium ion secondary
batteries for large devices such as hybrid electric vehicles
because of the characteristics described below.' The primary
advantages of a hard carbon anode are high charge and
discharge rates and high durability with small volume change,
resulting from the pore structure of the hard carbon. The pore
structure of hard carbon depends on the kind of thermosetting
resins used as the starting material and the temperature of
preparation.*> Generally, hard carbon shrinks with increasing
heat-treatment temperature up to 1573 K, but shrunken carbon
heated to over 2273K still has pores, which are gas-
impermeable. The closed pore diameter of carbon heat-treated
at 1273-3273 K is estimated to be 2-5nm using X-ray small-
angle scattering.®’ Even in hard carbons, it is difficult to
evaluate pore size using a common gas adsorption method,
because a very long time is spent reaching the adsorption—
desorption equilibrium (a few days to over a week).

On the other hand, the local structure of lithium electro-
chemically intercalated in hard carbon and its relationship to
the pore structure have been investigated by LiNMR.>#-10 In
our previous study of some pitch-based hard carbon samples
for battery use,’ the intensity of NMR signals of quasimetallic
lithium clusters was nearly proportional to the amount of
lithium in the pores of carbon estimated from charge—discharge

curves. However, the size of quasimetallic lithium clusters and
pores could not be evaluated. Tatsumi et al.'! and Conard et al.®
have observed the lithium clusters only in hard carbon samples
heat-treated at about 1273—1573 K. This suggests that the pores
where lithium clusters are formed are essentially different from
those observed by X-ray small-angle scattering.

Recently, some different approaches have been reported,
for example, small-angle neutron scattering,'> and our
129XeNMR.!* The former implied that a void between
graphene sheets expands with lithium intercalation. By use of
129Xe NMR, we could observe xenon permeable pores in the
pitch-based hard carbon using '*?XeNMR."3 2Xe NMR has
been recognized as a powerful method to evaluate porous
structures.'4!> It has been applied to various materials, for
example, zeolites'®?* and the other microporous and meso-
porous materials,>>>! hydrates,*>3* glasses,>* polymers,>>*0
and carbon materials such as fullerenes,*'*? nanotubes,**
and porous (activated) carbons.*>° Our high-pressure Xe NMR
measurements'®> showed that the hard carbon samples in Xe
gas had two peaks, which were attributed to the xenon in
micropores (smaller than 1 nm) and larger pores (mesopores
and macropores). The former peak was, however, very weak in
spite of more than 30000 scans; therefore, pressure dependence
of the peak was not observed. Treatment by evacuation at
773K and annealing in 0.1 MPa Xe gas at 773 K also caused
weak peaks of xenon confined in micropores of hard carbon,
and transformation of surface structure was observed.

In the present study, we intended to construct a method for
investigating the transition of pore structure of hard carbon
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heated at 1073-1473 K, which is the range of gradual shrinkage
of carbon, using '>’XeNMR. We choose two pre-heated
spherical phenolic resins having different particle sizes and
surface areas as heating precursors, and then heated at 1073—
1473 K under reduced pressure or in xenon atmosphere for the
purpose. We also compared the present samples with other
carbons produced by different precursors by XeNMR. The
produced samples were measured by '2Xe NMR, field emission
scanning electron microscopy (FE-SEM), powder X-ray dif-
fraction (XRD), and nitrogen adsorption. The effect of heating
or annealing in xenon atmosphere was also investigated.

Experimental

Sample Preparation. Two kinds of spherical phenolic resins
(Bellpearl R100 and Bellpearl R700 from Air Water Inc., hereafter
named resin A and resin B, respectively) were used as raw
materials. The radii of resin A and B are ca. 0.7 and 7 um. Pre-
heated carbon materials (named pre-heated resin A and pre-heated
resin B) were prepared, respectively, by heating resin A and B at
873 K in nitrogen gas. Carbon samples for the NMR measurement
were made from pre-heated resins A and B by heating at 1073,
1273, and 1473 K for 1.5h in Xe atmosphere. The carbon samples
made from pre-heated resins A and B in Xe atmosphere are
respectively named carbony. A and carbony. B. Samples heated at
1273 and 1473 K under reduced pressure (0.1 Pa) for 1.5h were
also prepared from pre-heated resins A and B. The carbon samples
made by heating pre-heated resins A and B under reduced pressure
are respectively named carbon,, A and carbon,, B. All specimens
were taken out from the furnace after cooling down and preserved
in air.

To examine the annealing effect at 773 K in Xe gas, carbony, A
heated at 1273 and 1473 K were evacuated at 773 K for 24h and
exposed to 0.1 MPa Xe gas at 773 K for 24 h. These samples were
designated as “annealed carbony, A.”

129%Xe NMR Measurement at Atmospheric Pressure and
ESR. Each specimen was evacuated at 0.1 Pa at 373 K and then
sealed in 9mme glass sample tubes at room temperature with Xe
gas at 0.1 MPa for NMR measurements. All '2XeNMR spectra
were recorded at room temperature using a spectrometer
(55.6 MHz, MSL-200; Bruker Analytik GmbH) with a normal
probe for liquid samples. The 0.1 MPa Xe gas signal was used as
the 0-ppm standard for the '*XeNMR chemical shift. A single
pulse sequence with a pulse delay of 5s and a 71/2 pulse of 4 us
were used for measurements. The pulse delay of 5s was confirmed
to be sufficient by monitoring signal intensities. Each spectrum
was acquired in 1000-2000 scans. ESR spectra were measured for
the heated carbon samples to investigate the magnetism, using a
JES-FE3XG (JEOL Ltd.) spectrometer.

XRD, Nitrogen Gas Adsorption, FE-SEM, and Elemental
Analysis. Powder X-ray diffraction (XRD) patterns were
measured using a diffractometer (MultiFlex; Rigaku Corp.) with
CuKa radiation. Although we tried to measure nitrogen gas
adsorption—desorption isotherms for all samples by using Belsorp-
18Plus (Bel Japan Inc.), only the data for carbony. A were
successfully obtained. Other measurements failed due to excessive
adsorption time as described in the following results and
discussion. The BET surface areas of samples were estimated
with the same instrument (Belsorp-18Plus). The shapes of
carbony. A and B were observed using FE-SEM (JSM-7500F;
JEOL) with 5.0kV of access voltage. The composition of each
sample heated over 873 K was measured by elemental analysis.
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Table 1. BET Surface Area of Pre-Heated Resin A, Pre-
Heated Resin B, Carbony. A (Heated in Xe Gas), and
Carbony, B (Heated in Xe Gas)®

Pre-heated Heating temperature /K
at 873K 1273 1473
Surface area of
carbony, A/m?g~! 475 250 7.8
Surface area of 6.7 144 .

carbony, B/m?g~!

a) These are reliable minimum values because equilibrium was
not completely established for each point of isotherms due to
long adsorption time.

Table 2. BET Surface Area of Pre-Heated Resin A, Pre-
Heated Resin B, Carbong, A (Heated under Reduced
Pressure), and Carbon,, B (Heated under Reduced
Pressure)?

Pre-heated Heating temperature/K
at 873K 1273 1473
Surface area of . 475 306 15
carbon,, A/m*g
Surface area of 6.7 0.5 0.6

carbon,, B/ m?g”!

a) These are also reliable minimum values.

Results and Discussion

BET Surface Area and Isotherm. Table 1 shows the BET
surface area of pre-heated resins and carbony, A and B. The
surface area of pre-heated resin A (475 m?g~") was larger than
that of pre-heated resin B (6.7m?g~"). This difference can be
attributed to the particle radii (0.7 um for carbonyg. A and 7 um
for carbony. B) as well as the accessible pores. Heating
temperature for preparation affects the surface area of the
resultant hard carbon. Preparation at 1273 K maintains the large
surface area in carbong, A (Table 2) as well as carbony. A,
although the surface area is somewhat decreased by heating. It
was found that heating above 1273 K did not affect the particle
size and shapes as described below. Therefore, the large surface
area in carbony, (and carbon,,) A suggests the existence of the
pores accessible from outer surfaces. However, preparation at
1473 K drastically decreases the surface area, implying the
collapse of the pores and/or the closing of the paths into the
inner space of the pores. On the other hand, the surface area in
carbon sample B depends on the temperature and atmosphere
of preparation (Tables 1 and 2). Xenon atmosphere leads to the
drastic increase in the surface area of the hard carbon prepared
at 1273 K, suggesting the formation of pores accessible from
the outer surfaces. However, preparation at 1473 K decreases
the surface area to 1 m?g~!. This remarkable decrease in the
surface area implies the collapse of the pores themselves or the
entrance of the pores. Thus, it was found that pre-heated carbon
B is carbonized effectively while maintaining the pore structure
under xenon atmosphere. The ionization energy of xenon is
similar to O,, which might be the cause of higher surface area
of the carbony, B sample heated at 1273 K.

Nitrogen gas adsorption—desorption isotherms of carbony, A
heated at 1273 and 1473K are presented respectively in
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Figure 1. Adsorption (open circles) and desorption (closed
triangles) isotherms of nitrogen gas on carbony. A
produced by heating at 1273 (a) and 1473 K (b). Although
equilibrium was not completely established for each point
of isotherms because of long (over a few days or a week)
adsorption or desorption time, each point was determined
at the time that the adsorption or desorption reached the
equilibrium in appearance.

Figures la and 1b. The sample heated at 1273 K showed the
type I isotherm of BDDT (Brunauer, Deming, Deming, and
Teller) classification, which is observed at microporous
structure. Both isotherms showed marked disagreement be-
tween adsorption and desorption (hysteresis loop), and the
volume of the desorption curve in Figure 1b increased with
desorption under relative pressure at 0.5. The hysteresis and the
increase resulted from insufficient equilibrium times (=a few
minutes) for each point; consequently, they are not fundamen-
tally associated with pore structure, for example, mesoporous
structure. Furthermore, the isotherms of carbony, B prepared at
1473 K were not measurable because of small surface areas.
Carbony, B prepared at 1273 K has relatively high surface area,
but we could not also obtain the valuable isotherms because of
the extremely long equilibrium times. The long equilibrium
times (more than a few days) suggest the difficulty of N;
diffusion between pores.

The average pore width as inferred from Horvath—-Kawazoe
(HK) analysis of nitrogen gas (adsorption) isotherms was
estimated to be 0.97 nm for carbony, A (Figure 1a). This value
is adequate or might be somewhat larger than the actual
distribution of pore width because of the following two
reasons; i) nitrogen gas isotherms can be used to analyze pores
with diameter over 0.4 nm. In our results, contribution of such
small pores has not been taken into account. The pores smaller
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Figure 2. Powder XRD patterns of carbong,, A (a) and
carbon,, B (b) produced by heating to 1073, 1273, and
1473 K.

than 0.4nm have to be measured by other methods such as
helium or high-pressure CO, adsorption.’!*? ii) Insufficient
equilibrium time will lead to underestimation of the adsorption
of nitrogen, especially in the smaller pores, because smaller
pores need longer adsorption time than larger pores generally.
Therefore, the pore width estimated in our study is mainly due
to the contribution of the open pores easily accessible from the
outer surface.

Thus, according to the results of BET surface area and N,
adsorption isotherms, we can conclude that the smaller surface
area of carbony. B could be increased by carbonization in
xenon gas. The increase in the surface area of carbony. B
would be caused by formation of pore structure. In addition,
most of the entrances in both carbony, A and B closed at
temperatures higher than 1273 K.

XRD and Elemental Analysis. The XRD patterns for
carbon;, samples heated at reduced pressure (ca. 0.1Pa) are
presented in Figure 2. All samples showed the characteristic
patterns of hard carbon, i.e., a broad reflection around 26 = 23°
which is assignable to the (002) reflection originating from a
few layers of graphene sheets.”> The dyy, distances and the
crystallite size factors (L¢) calculated from the reflection using
Scherrer formula>* are presented in Table 3. Although the
surface area decreased at 1473 K, the patterns were almost
identical, which suggests that the framework structure is almost
unchanged, even when heated at 1473 K: only the open pores
turned into closed pores. Carbony, samples heated in Xe gas
showed similar diffraction patterns (not shown), which means
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Table 3. The Interlayer Distances (dyoz) and the Crystallite
Size Factors (L¢ggz) Calculated from XRD(002) Reflection
Using Scherrer Formula™* (Coefficient K = 0.9)

Sample Heating temperature/K  dpoo/nm  Lcgop/nm

Carbon,, A 1073 0.379 0.71
1273 0.396 0.69
1473 0.397 0.76

Carbon,, B 1073 0.401 0.70
1273 0.403 0.67
1473 0.377 0.83

Figure 3. FE-SEM image of carbony. A produced by
heating at 1073 K.

that the importance of the Xe atmosphere for growing the
framework of carbon is negligibly small. The asymmetric (002)
peak on carbon,, B, especially in the sample heated at 1473 K,
is explainable by the distribution of particle sizes of carbon
shown in SEM images (at following section). The refection of
irradiated X-rays was probably disturbed by the rough surface
by large particles.

The composition estimated by elemental analysis of each
sample heated over 873K was constant as Cj0Og.07-0.13-
Ho 12-032N0.002-0.004- These results also show that the carbon-
ization of precursor resins had been completed at 873 K.

SEM Observation. The SEM images of carbony. A and B
heated at 1073 K are portrayed, respectively, in Figures 3 and
4. Carbony, A consisted of fairly homogeneous spheres whose
particles were about 1.5 um diameter. On the other hand, the
sizes of spheres in carbony, B had a distribution between 1 and
15 um and some spheres are aggregated. The sizes and shapes
of carbon particles in both samples showed no remarkable
changes by SEM after pre-heat treatment at 873 K.

The almost constant sizes of samples after heating to 873—
1473 K support that the changes in the surface area by heat-
treatment come from the changes in the pore structure of the
carbon. It can be attributed to the decrease of accessible inner
micropores in carbon particles by adsorbate (nitrogen or xenon
gas), which is in turn caused by the isolation of pores as a result
of the growing hard carbon structure.

NMR at Atmospheric Pressure. Figure 5 shows
129XeNMR spectra of carbonx. A prepared under xenon
atmosphere (0.1 MPa) at the following temperatures: 1073,
1273, 1373, and 1473 K. All spectra were obtained from only
10002000 scans. A sharp peak was observed at 101 ppm in
the spectrum of a sample prepared at 1073 K, indicating the
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Figure 4. FE-SEM image of carbony. B produced by
heating at 1073 K.
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Figure 5. The 'XeNMR spectra of carbony, A produced
by heating at 1073, 1273, 1373, and 1473 K in 0.1 MPa Xe
atmosphere.

existence of the pore structure accessible by xenon atoms.*®

In this case, there are two possibilities for the origin of this
resonance line; a peak resulting from the chemical exchange
between the adsorbed and free xenon atoms, and a peak mainly
caused by xenon in the pores without effect of free xenon gas.
In the former case, it is expected that the peak position and the
line width depend on the population of free xenon gas as well
as the adsorbed xenon atoms.2® In contrast to this, the resonance
line depends mainly on the pore structure, i.e., pore shape, size
(diameter of cylinder or width of slit), and pore volume.

The observed spectrum was affected by the heating temper-
ature for preparation. The remarkable line broadening and the
decrease in the signal intensity was found in samples prepared
at higher temperature (1273 and 1373 K), and the NMR signal
then disappeared in a sample prepared at 1473 K. This trend is
consistent with the result of the BET surface area (the drastic
decrease in the BET surface area of carbony. A prepared at
1473 K). That is, the decrease in the intensity of the >’Xe NMR
signal suggests the collapse of the pore structure in carbony, A
prepared at 1473 K. Furthermore, the peak position was not
affected by the preparation temperature between 1073 and
1373 K. These results strongly suggest that the observed
resonance line is mainly caused by xenon atoms adsorbed in
the pores, but not by chemical exchange between free xenon
gas and the adsorbed xenon atoms. This picture is also
supported by the very long time necessary to reach adsorption—
desorption equilibrium in the N, adsorption isotherms.
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Figure 6. The '’XeNMR spectra of annealed carbong, A
that was prepared by exposing carbony. A to 0.1 MPa Xe
gas at 773K for 24 h, after evacuating at 773 K for 24 h.
Marks of (#) are the offset frequency of the rf pulse.

Actually, we have measured '2Xe NMR spectra of carbon,
A and B, which were heated in Xe gas but then evacuated and
sealed under helium atmosphere. The spectra showed little
evidence of adsorbed xenon. Therefore, the origin of NMR
signals of Figure 5 should be attributed to xenon adsorbed at
“accessible” pores in carbon even if the diffusion to adsorption
sites from the outer surface is very slow. In samples heated at
lower temperature (under 1273K), some pores were open
pores, in other words, the pore shapes were slit (or cylinder)
like. Several parts of the slit (or cylinder) like pores became
narrow or collapsed under high temperature heat treatment. As
a result, closed pores increase.

Figure 6 shows the '>’Xe NMR spectra of carbony, A after
annealing (evacuation at 773 K for 1 day—exposure to 0.1 MPa
Xe gas at 773K for 1 day). A peak was visible at 92 ppm in
annealed carbonyg. prepared at 1273K. The line width was
similar to that before annealing. Remarkably, a resonance peak
was observed in annealed carbony, prepared at 1473 K. In fact,
we previously reported!? that sufficient evacuation and anneal-
ing in Xe atmosphere makes it possible to introduce xenon gas
into the isolated pores existing near the surface of hard carbon
particles. Appearance of the intense signal in the sample
prepared at 1473 K also suggests that the pore structure existed
even in the annealed carbony, A prepared at 1473 K. The
annealing effectively cleaves the paths to the pores from the
outer surfaces and the exposure to Xe gas at high temperature
leads to the effective penetration of xenon atom into the inner
space because of the large kinetic energy of xenon. Further-
more, the annealing gave rise to higher field shift from 101 to
92 ppm in both samples. The surface and/or pore structures
may be a little modified by the annealing. Generally, the
chemical shift reflects the xenon—wall as well as xenon—xenon
interactions (vide infra). It is known that the former contribu-
tion is related to the pore size (in the case of the present
samples, that is pore width). Under the same pressure
condition, the comparison of the chemical shift value will
give an index of the relative order of the pore size as a first
approximation. Then, if the pore structure would change, the
average pore size felt by xenon would be a little larger than that
in the sample before annealing.

Figure 7 shows the '’XeNMR spectra in carbony, B
samples prepared at 1073, 1273, 1373, and 1473 K. These
were also obtained from only 1000-2000 scans. An intense
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Figure 7. The '2’XeNMR spectra of carbony, B heated at
1073, 1273, 1373, and 1473 K in 0.1 MPa Xe atmosphere.
Marks of (#) and (*) respectively denote the offset
frequency of the rf pulse and the signal of xenon gas.
The signal of gas at 1273 K is not at zero ppm because of
exchange interaction between xenon in gas and is adsorbed
onto the sample surface.
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Figure 8. The '?Xe NMR spectra of the carbon,, B heated
at 1273 and 1473 K. These signals are weaker than those
shown in Figure 7.

and sharp peak was observed at 118ppm in carbony, B
prepared at 1073K, clearly indicating the pore structure
of the sample. In carbony. B prepared at 1273 K, this peak
shifted up-field to 82ppm and the signal-to-noise ratio was
reduced. These changes mean the increase in average pore size
and decrease in pore volume, respectively. Furthermore, the
NMR signal was not detected in samples prepared above
1373 K, implying the collapse of the pore structure or enclosure
of the pores in these samples. In the case of carbon,, B prepared
at 1273K under reduced pressure (=0.1Pa), a broad and
weak signal was observed around 60 ppm. This peak was not
detected in the sample prepared at 1473K, as shown in
Figure 8. The relation between the heating temperature and the
129XeNMR signal intensity is also consistent with the BET
surface area in the carbony. B and the carbon,, B as listed in
Tables 1 and 2.

Thus, it was found that the intensity of the '>’XeNMR
resonance line is related to the BET surface area. Since the
129X e NMR detects xenon atoms adsorbed and/or confined into
the pores accessible from the outer surfaces in the carbon
samples A and B, the intensity of the '’Xe NMR signal gives
the volume of accessible pores. This aspect also suggests that
the volume of the pores accessible from the outer surface
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causes the increase in the BET surface area in Tables 1 and 2.
Furthermore, we found that the heating of precursors in Xe
gas strengthened the NMR signal dramatically. Probably, the
carbon structure grows with xenon atoms in the pores near
the surface through heat treatment. The intercalated xenon
diffused and made the passage to the outer surface, although the
framework structures of the carbon were almost identical: XRD
patterns and shapes of particles observed by FE-SEM did not
change with atmospheric conditions during heating such as
reduced pressure or Xe gas.

Comparison with a Hard Carbon Made from Another
Precursor. The '2°XeNMR chemical shift value (8) for xenon
gas adsorbed in porous materials can be expressed as'®

8 =80+ s + Sxe-xec - Pxe(+sas + Ik + Im) (D

where 8y is the reference (xenon gas at zero density). In
addition, g arises from collisions between xenon and channel
surfaces, Oxe_xe - Pxe arises from Xe-Xe collisions and is
expected to be linear with Xe density under low-loading
conditions.2!#%%0 Therefore the shift value at zero density is
related to the pore size through the Xe-wall interaction term
(8s). The other terms, the effect of strong adsorption sites (6sas)
at a very low level of xenon loading and the influences of
electric fields (8g) and paramagnetic species (8y) are usually
negligible. Actually, the ESR spectra of the present carbon
samples did not display any spin signal. In eq 1, s (the term of
xenon-wall interaction) increases with narrowing slit-pore
width, because the narrower pore width causes greater xenon—
wall interaction. Therefore, the estimation of g values is more
effective for detailed discussion of pore width, despite a recent
report by Fraissard et al.>® which raised a query about the
precise correspondence of 8g value to the pore size for carbon
materials. The 85 values can be determined by estimating the
other terms, especially Oxe_xc - Pxe by pressure dependence
measurement of NMR shift of some reported models, for
example Ueda et al.*® applying Cheung’s model.>®> Although
we had first attempted to estimate the 8g values of our present
samples directly through extrapolation of the pressure depen-
dence of NMR shift, the experiment was prevented by
extremely long adsorption time for each pressure. At the first
approximation, the shift value at 0.1 MPa in carbony, A
prepared at 1073 K leads to the rough estimation of pore size to
be ca. 1 nm by comparing the reported data of similar carbon
materials,*® which seems to be in agreement with the result of
nitrogen gas isotherm. However, these analyses will be less
reliable for estimation of the absolute pore size. Only the
relative comparison of pore sizes by NMR shift at atmospheric
pressure for hard carbon samples having similar surface and
component is reliable.

The 'XeNMR spectrum of samples prepared at different
temperatures clearly elucidates the change of the pore structure
depending on the heating temperature as well as annealing. In
carbony, A, preparation temperature does not affect the peak
position, while annealing causes a somewhat higher field shift
of resonance lines, implying the expansion of pores. In
carbony, B, the preparation temperature critically affects the
peak position: The heating up to 1273 K brings about a high
field shift, suggesting the expansion of pores. On the other
hand, heating above 1273K in both of carbony. A and B
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shows a remarkable depression of the '>’XeNMR signal.
On carbonization, the framework of the resin becomes
amorphous consisting of graphene layers and many pores,
and the resultant porous amorphous structure relaxes to hard
carbon. Present study reveals that heating up to 1273K
effectively maintains the paths from the outer surface, which
are accessible to xenon.

Furthermore, the pore structure of the hard carbon depends
on the precursor. We have described the pressure dependence of
XeNMR for pitch-based hard carbon in a previous report:!3
Without annealing, more than 30000 scans were needed to
obtain a xenon signal at micropores, even at a xenon pressure
of 4.0MPa, although the signal was not detected at all at
0.1 MPa. Annealing under Xe gas enabled detection of a
stronger signal, but required more than 20000 scans. On the
other hand, the present carbon made from phenolic resin B
under Xe atmosphere, which has similar particle sizes to pitch-
based carbon (9 um),> gives an intense signal after a few
thousand scans. The resonance peak visible at 82-118 ppm in
carbony. B also suggests larger pores than that in annealed
pitch-based carbon, in which resonance lines appear at 128
and 29 ppm. It implies that the diffusion of xenon between
neighboring pores in pitch-based carbon is more difficult than
in the present carbon B because of smaller pore size and/or
narrow passage between pores. Consequently, inner-pore
adsorption of xenon by pitch-based carbon decreased. This
aspect, which was not detectable by other methods, e.g., XRD,
results in more difficult osmosis of xenon atom in pitch-based
carbon.

Not only the difference between the precursors like phenolic
resins and petroleum pitch, but also the difference in polymer
structure of phenolic resin is expected to engender various
microporous structures. We briefly reported a study using
129XeNMR for hard carbon made from another phenolic
resin.® The carbon heated at 1473K had smaller pores
(145 ppm in the Xe NMR spectrum) than the present samples;
moreover, a stoppage between pores did not occur under
1500K because clear signals were observable up to 1473 K.
The difference of the precursor composition imparts various
microporous structures on hard carbon.

After all, hard carbon samples heat-treated at 1073-1473K
showed 'XeNMR signals of xenon in the pores, while
the hard carbon prepared at 1273-1673K could include
lithium clusters. It is concluded that >Xe NMR examined the
same pores as the space where lithium clusters are formed. In
other words, our result showed that xenon can only pass
through open pores composed of slit (or cylinder) like
structure which is the site of forming lithium -clusters,
and cannot intercalate into completely isolated pores which
can be observed by X-ray small-angle scattering. The small
difference of heat-treatment temperature range is due to the
sizes or stability of xenon and lithium atoms in carbon.
Although more detailed experiments might be necessary
for discovering the precise relationship between pore size
forming lithium clusters and XeNMR shift value of amor-
phous carbon, the transition of porous structure in a hard
carbon samples by heating can be inferred from '2*Xe NMR
analyses and production of carbon samples in a xenon
atmosphere.
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Conclusion

The '*Xe NMR method enabled observation of xenon atoms
adsorbed in pores of hard carbon samples in an equilibrium
state. Consequently, the pore structures were analyzed more
stably than by nitrogen adsorption—desorption isotherm mea-
surements. Although the structures of hard carbon samples
observed by XRD and FE-SEM were almost identical, the
carbon made from resin A has more entrances to the inner
micropore than the carbon from resin B. But the considerable
entrances of both samples close at temperatures greater than
1273 K, as suggested by the surface area and '>’Xe NMR signal
intensities. Xe NMR shifts demonstrated that the average pore
size of carbony. A did not change but the size of carbony. B
became larger in the heat-treated temperature range of 1073—
1473 K, which is the range that lithium-clusters are observed
when the carbon used as an anode of lithium ion batteries. The
pore size of every hard carbon sample which we have measured
from the NMR shift was obviously smaller than the pore size of
2-5nm, which is the value for general hard carbon estimated
from small-angle X-ray scattering data.
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