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Abstract—As-received Monarch carbon blacks (MC) from Cabot. praphitized carbons (GMC). desulfurized
Carbalac-2, and CSX-203 were characterized by magnetic susceptibility and ESR spectroscopy ot room tem-
perature and those in the cryegenic range. The MC samples showed nonnal Lungevin-type diamagnetism.
whereas the GMC showed a temperature-dependent Landay dismagnetism. From this. the degencracy temper-
ature, the effective eleciron mass of the delocalized etectrons. and the Fernsi level (£, ) were estimated, assuming
the approximations of a *‘two-dimensional clectron gas'* model for graphite. The GMC was doped with boron
af the ppm level at heat treatment temperateres (HTTY of 2073 and 2773 K. Boronstion ut fow HTT indicated
that boron atoms could enter the interstitial or dofect sites, in sdditivn to the sebstitutional (sp’) sites, whereas
boronation at the higher HTT showed that all borun atoms entered at the substitutions? sites. ESR studics
indicated a lowering of g-values, and half-tine widths, and a ten-fold decrease in the spin concentration as a
result of boron doping. A transition from Landau 10 almost Langevin type dismagnetic behavior was ubserved:
# decrease in diamagnetic susceptibility coreesponded to a lowering in the £, leved of the carbuns, Shifts in the
E, have been estimated as a function of boren dopiag. In a sequel to this puper, the preparstion of Fe catisbysts
on the above carbor supports are presented along with their magnetic. Misshaver, and CO-hydrogenation
studies. A rationale for chunging the electronic pruperties of the substrate by boron doping is given. in refation
to changing the propertics of supported metat (M, by “alfoying™ it with another metal (A1) o forme the so-
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called *'bimetallic'’ clusters,
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L. INTRODUCTION

In recent years, Walker, Vannice and their coworkers
have shown that commerciaily available carbons and gra-
phitic carbons can be used as inexpensive supports not
only for precious metals such as Pt{ 11, but also for abun-
dant metals such as Fej2}. Additional studies by Jung er
al.§3} as well as by Mulay er al.[4] have further shown
that small Fe particles can indeed be produced by the
impregnation of Fe(NQ)), on carbons{3] and that the Fe/
carbons can be used as hydrogenation catalystsi2~4].
Carbon with a electronic configurtion of [s*2s%sp? forms
an sp* hybridization in graphite, wherein cach carbon is
bonded to three others by o-bonding while the w-clec-
trons form a delocalized (itinerant) electron cloud above
and below a given plane. Boron, with one clectron less
than carbon and with a similar hybridization, can enter
substitutionally into a graphite lattice, and hence alter its
Fermi level. Thus, boror has becn known to be a pood
electron acceptor. The present work was undertaken to
explore whether or not a change in the Fermi level of the
as-received {or "“*amorphous’") and graphitized commer-
cial carbons could be altered by successive doping with

't Enquiries should be addressed to this author at 136 Materials
Research Laboratory, The Peansylvania State University, Uni-
vetsity Park, PA 16802, USA,
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baron. In recent years several workers have used bime-
tallic clusters to see if catalytic activity can be changed
by this procedure. In the present case, we have attempted
to see if any changes can be brought about by modifying
the carbon substrate with boron. Magnetic susceptibility
and ESR spectroscopy were chosen as prebes {or eluci-
dating the eclectronic properties and deriving the band
parameters [or various carhons. In this paper such uspeets
of characterization are reporied.

2. EXPERIMENTAL

2.1 Descriprion of samples

The various carbon blacks used in this study as catatyst
supports were Monarch 700 carbon black (MC), Car-
bolac-2 (C-2). and CSX 203 (CSX), which were supplicd
by Cabot Corporation. The Monarch 700 carbon black
was graphitized by Airco Speer Carbon, As-received (AR)
carbon blacks showed significant amounts of sulfur im-
puritics: hence they were treated at ~1273 K for 12 hr
under flowing H,. This desulfurization (DS) treatment
reduced the sulfur content by a significant amount, as
seen in Table 1. The boron-doped samples were prepared
as described below. A requisite amount of boric acid
(H,BO,} was weighed and dissolved in {5 m! of distilled
water, to which a weighed amount of graphitized Mon-
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arch 700 carbon black was slowly added with gentle
stirring 50 as to obtain a homogencous slurry. This mix-
ture was then dried in an oven at 393 K for 12 hr. The
sample was placed in a graphite container and heated in
a graphite tube furnace under a 0.1 MPa of flowing Ar
atmosphere at cither 2073 or 2773 K treatment temper-
ature (HTT). Boren loadings, the HTT (Heat Treatment
Temperature} employed, the duration of the HTT, and a
brief description of various samples are also shown in
Table |, The boron content in carbons was determined
by leaching with HHO,. A known aliquot of the solution
was then analyzed by emission spectroscopy using a HBO,
standard. Magnetic susceptibility {x) measurements were
camried out by the Faraday method using a modified Cahn
RG 100 electrobalance equipped for in situ reduction with
H, and CO, as described by Mulay[5]. The ESR spectra
were obtained with a Varian E-12 series spectrometer,
which was operated at a frequency of 9 GHz, with mod-
ulation amplitude of 8 G and a power level of ~125 mW.
The physisorbed oxygen, which initially gave very broad
lines (up to 250 G). was outgassed by heating at ~600
K for 16 hr in flowing H.. followed by evacuation of the
ESR thin-wall § mm quartz tbes (Wilmad Co.) to ~10*
Pa. The carbon samples in these tubes were then sealed
while under vacoum. A reference compound, DPPH (1.1-
diphenyl-2-picryt hydrazyi). was used which gave a sig-
nal at g = 2.0037; line positions of all the samples were
obtained with respect to the signal from DPPH. The peak
intensitives (/) were obtaincd by using the approximate
relation, given by Poolel6]:

I = {peak amplitude)' x 8H. (43

where 5H is the peak-to-peak line width observed in the
first derivative signals. The spin concentration in selected
sarnples was measurcd relative to a “'pitch” standard
supplied by Varian Associates. Measurements werc ob-
tained at room temperature (~300 K) and at a cryogenic
temperature of ~ 108 K. The latter was obiained using a
special Varian Dewar containing liquid N,. This arrange-
ment gave weak signals in several instances since the
sample could not be **coupled™ to the central mode of
the ESR cavity. This was probably duc to the high di-
electric Joss caused by the insertion of the Dewar, and
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the relatively high electrival conductivity of the culbon
samples. This situation was eircumvented by blowing
cold vapars of liquid N, on to the sample using the Varian
CTYORCRIC ACCOSSOTY.

). RESULTS AND DISCUSSION

3.1 Characterization of carbons by magnetic
susceptibility

Mulay and Mulay{7] and Mulay and Boudreaux8|
have reviewed the magnetic properties of selected car-
bonrs and the latterf 8] have succinctly described the Lan-
gevin and Landau diamagnetism of localized and ilinerant
{conduction) clectrans. Magnetic susceptibility of doped
and undoped carbons has indeed proved to be a useful
probe for characterizing **amorphous’” and graphitic car-
bons and for estimating band parameters in appropriate
cascs{B]. Mulay {cf. 8} has discussed in detail the **Gaus-
sian-cgs/emu”” units for magnetic parameters and their
conversion to the 5.1, mks™ units. Since most of the
magnetic and catalysis literature continues to use the
“*Gaussian'" system, familiar to most researchers. we
have retained these units throughout this paper. Conver-
sion factors for quick reference are given recently by
Mulay and Mulay[9].

Diamagnctic susceptibilities were measured for MC,
C-2, and CSX af room temperature on AR and DS sam-
ples. As expected, all AR samples showed a Hncar de-
pendence of x on the applicd field, indicating the preseace
of trace quantities of ferromagnetic impurities. The s
timated amounts of such impurities in each case were
found to be in the range from 20 to 60 ppm, while the
true susceptibilities were in the range from ~{0.6 t0 1.5)
% 10°* emulg. (These quantities multiplied by 12.56
x 10 ! give S.1. values in umits of m'kg ')

Typical plots of x vs H/H for MC (AR and DSy and
CSX (AR and DS) samples are shown in Fig. |, Since
the level of ferromagnetic impuritics is rather fow com-
pared to the net magnetization of supported iron catalysts,
in principle. these impuritics would not have affected the
general trend of the o results for the iron eatalysts, which
will be reported separately] 10]. However. since the true
diamagnetic susceptibility (x.) was of prime imporiaace
in the characterization of these carbons, the well-known

Table 1. Description of undoped ind boron-doped carbons

Somple Carbon fration Surface Sulfur
Code fiack HTT of HIT Aren Content
[£3] th) tmiy-t} (ue.2)
HE {AR) Henarch 700 - - 200 [ %11
MC {DS) Monarch 706 1213 12 206 a.0
CS%-203 (AR) €8X - - - .80
C5X-201 (ns) csx 1273 i2 1500 .31
C-2 {AR) Catbolae-2 - - Tik .05
c-2 {ps) Carbolag 2 1273 12 a0 0.02
CHE Honareh 700 3023 H a0 nit
SCHCL MC + 179 ppa B 2073 1 92 nil
BGHCZ HC + 260 ppm B 2773 & 47 nit
AGHCS ME + 110 ppam B 2173 1 - ntl
BUHCE MC ¢+ EAD ppm R 2773 1 - nil
BGHLS HC + 220 ppm B 27y 1 10 nil




Doped carbon black catalyst suppons: |

495

T

-

+25F
o 20+
2 +15-
{’+L0—
Q +0sk
3

*

b o

1
(o
o O
\
()

i ~— GSX (AR}
/ CSX (0S) i

— MC {AR) -

MG (DS “
I (DS}

L0

1
20 30 40

— -::l- % 104 g™

Fig. 1. Variation of diamagnetic susceptibility with 1/H, Typical Honda-Owen pints. for MC and CSX carbons,
described in Table 1.

Honda-Owen plots[11] indeed proved very useful in
obtaining xo)-

The variations in diamagnetic susceptibility with tem-
perature (80300 K) for the non-boronated samples are
shown in Fig. 2, This figure shows that the diamagnetic
susceptibility decreases with lowering of temperature for
the amorphous MC, CSX and C-2 samples. These car-
bons show typical diamagnetic susceptibilities at room
temperature which cross over to positive vajues at ~80
K. With diamagnetic materials, an “*increase’” in y means
that it is more ‘‘negative”. From the magnitude of the
susceptibility, it can be inferred that these carbons are
“turbostratic™’ (disordered) in nature. Tiic observed value
in x at 80 K can be ascribed to paramagnetic impurities
or surface complexes which have free radical character.
A similar trend has been observed by Kiive and Mmo-
zowski[12] for various cokes.

For GMC, however, the diamagretic susceptibility in-
creases as the measurement temperature T is lowered, A
similar increase has been observed for a variety of gra-
phitic carbons by a number of irvestigators. One of the
earliest approaches to account for such behavior was that
of Ganguli and Krishnan{13]. Several modifications ap-
peared later for a two-dimensional electron gas model{ 14].
Pacauit and Marchand] 1 5] succeeded in describing such
a change in the observed diamagnetic susceptibility xa
with measurement temperature by the following equation:

X = Xo bl — exp(—T,/T}. (2}

where x, is the limiting value of x, which is essentially
reached at 80 K{16], and T, is the degeneracy temperature
reiated to £y, which is measured from the top of the
valence band (£, = kT,, where £ is the Boltzmann con-
stant). This approach yielded refarive changes in £, of
carbons by boron doping. In a later 1974 paper Pa-
cault}{ 1 5] modificd the above equation by considering the
“core”” diamagnetism of carbon.

Pacault and Marchand’s approach has been success-

fully employed by Santiago er af.[16} 1o characterize a
aumber of carbons in terms of the band parameters that
can be computed from the above model, Thus, according
to these authors, T, is a measure of the metallic behavior
of a given graphitic carbon. That is, the lower the T,
the closer the carbon is to perfect graphite. The same
approachf 16} was used here to estimate the band param-
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Fig. 2. Varistion of diamagnetic susceptibility with temperature

for various carbons. The GMC shows a typical Landau dia-

magnetic behavior, which is represented in Fig. 4 it which ¥
i5 plotted vs E/T.
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Table 2. Parameters cateutated for GMC

Paramefer Presentc Study Literacure Valwes 18)
T 388 K 230 co 530 K
o
a 113 ¢8 to K39
M .32 x 10°%/g (.16 to 0.7) x 1677g

eters in the case of GMC. The parameters obtained are
changes in E¢ (AE:) Ty, the mass coefficient a = m/
m*, where m ond m* arc the rest and effective mass of
the electron, respectively, and v the number of excess
charge carriers. Values presented in Table 2 fall within
the range of literature values, summarized by Mulay snd
Boudreaux{8i.

The characteristics of the GMC support were modified
by the introduction of boron as described before. The
temperature dependence of x for typical sumples between
80 and 300 K is given in Fig. 3. It is seen in this figure
that the diamagnetic susceptibility of the GMC exhibited
a temperature-dependent Landau diamagnetism. This is
characteristic of a free clectron gas and has been consid-
ered in the earfier section. Sample BGMC! (HTT 2073
K) showed a paramagnetic behavior superimposed on a
less pronounced diamagnetic susceptibility of carbon.
However, sample BGMC2 (HTT 2773 K) showed an
almost temperature-independent Langevin type of dia-
magnetism, characteristic of materials with complete
puiring of spins, €.8- KCl, consisting of closed-shetl con-
figurations for K * and CI”(8].

The above observations are in gencral agreement with
those of Dethaes and Marchaand] 17] and can be explained
as follows. For BGMC!, the initial part of the curve i3
simnilar to that of GMC, but as the temperaturc is lowered
(i.e. as YT increases), a decrease in Xo is observed.
Apparently, the HTT for BGMC1 was not high enough
to drive all the boron atoms into trigonal {sp) sites as a
substitutional impurity. Under such conditions, boron €an
occupy different positions: substitutional, interstitial, and
surface defect sites!8). The baron atoms at the defect
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Fig. 3. Varintion ef diamagnetic susceptibility with 1T far
horonated carbons, showing the effect of HTT. GMC shows a
typical Landau diamagnetic behavior.

sites can therefore exist as localized paramagnetic Spin
centers and, hence, be responsible for the observed de-
crease in x with lowering of temperature. A similar idea
was proposed by Mrozowskil 191, On the basis of ESR
results for boron-doped P 33 carbon black, he suggested
that boron aloms can act 0ot only as acceptors, bul neu-
wralize some of the existing locatized spin centers; and
under special conditions these act as spin centers. In the
case of the BGMC2, the HTT appeared sufficient 10
diffuse practically all boron atoms into substitutional sites.
According to the band theory of McClure{ 20§, which was
subsequently confirmed by Soule21], the propressive
addition of substitutional boron towers E. of graphite,
As the E; is shifted in the valence band, the semimetatlic
graphite behaves more tike a metal and, as a conscgquence,
exhibits Pauli paramagnetism, anajogous to that of alkali
metals. Indeed, this has been observed in the case of the
BGMC?2, where the observed Xo Was independent of tem-
perature, Having established the optimum HTT for boron
doping, various samples were prepared with different
boron concentrations. The diamagnetic susceptibilities of
ihese samples are plotied against }/T and are shown in
Fig. 4.

As explained by Soulef21], the diamagnetic suscep-
tibility in praphite is a summatiost of diamagnetic sus-
ceptibility contributions from conduction electrons and
tocalized spins. With the progressive addition of boron,
the number of conduction clectrons is reduced until even-
tually the diamagnetic suseeptibility approaches that con-
tributed by the core diamagnetism which is lemperature
independent. According to the MecClure band model, from
the change in susceptibility, the comesponding change in
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Fig. 4. Variation of susceptibility as a function of H/T for dif-
ferent boronated samples.
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Fig. 5. Variation of diamagnetic susceptibility of carbons &s a function of boron concentration.

£} ¢an be estimated. This has been done by Soule and,
as expected, a decrease in £¢ was observed with ag in-
crease in acceptor conventration. The variation in sus-
ceptibility with boron concentration, and the correspond-
ing changes in £, for various boronated samples are shown
in Figs. 5 and 6, respectively. The observed trend agrees
well with that of the theoretical predictions by Sharma
et al.[22]. '

3.2 Characterization of carbons by electron spin
resonance (ESR} spectroscopy

Various carbon samples were further studied by ESR
spectroscopy. The parameters of interest are the et
value, the line width 5H, the Hne shape, and the line
intensity /. Before outgassing, the ESR signals for both
the AR and boron-doped samples were very weak and
considerably broad. In some cases the fine widths were
as broad as 250 G. However, when the samples were
treated at 673 K for 16 hr in a stream of H, and then
sealed after being evacuated to 10~ Pa, they gave intense
signals with fine widths of the order of 25-60 G. This
result is considered to arise from adsorbed oxygen and
has previously been reported for some carbon blacks{23].
However, the exact mechanism of oxygen interaction
with the existing spins on the surface of carbon s not
yet clearly understood. Most of the physically adsorbed
O, is in triplet T state. Samples in contact with air or O,
gave ESR signals, typically with Gaussian shape, whereas
the outgassed samples gave signals of a true Lorentzian
shape. In either case, the g-values were found to be the
same, but narrowing in the line shape suggests that the
removal of O, increases the exchange interaction between
the localized spins in the carbon framework, presumably
via the electron cloud. The g-values and the cotrespond-
ing parameters for various carbons are given in Table 3.
Typical ESR spectra for the MC, GMC, and B-doped
BMC samples are shown in Figs. 7(a)}~(c) and 8(a)—(c),
in order (o emphasize the subtle changes with boron dop-
ing and/or measurement temperatures.

Results in Table 3 show that both the g-values and the
line widths change with boron doping. Mrozowski[19]
has shown that the single ESR absorption line arises from

both the conduction electrons and localized Spin centers,
and the observed g-value of the composite line arises
from an exchange mixing mechanism. The trend in the
observed g-vatues falls within the range reported by Mro-
zowski{ 19]. The change in 8H also follows a similar trend
in the present study. Samples BGMC2 (RT) and BGMCS
revealed a sharp line superimposed on the broad line
(Figs. 8a and b). These lines did not show any vatiation
in g-value even under low scan. Similar spectra have
been observed by Retkofsky and coworkers]{ 24} for Pitts-
burgh bituminous coal samples. These authors also showed
that these two lines could not be better resolved any
further even at 35 GHz. All samples in this study, except
the BGMC2, could be satisfactorily described by the
Lorentzian line shape,

The number of spins in each case is also shown in
Table 3. It should be noted that determining absolute spin
concentrations from ESR is extremly difficult, since it
involves a number of variables such as **Q** of the cavity,
relative electrical conductivity of the samples and their
skin depth. Some of these parameters can be controlied
by making measurcments with a dual mode cavity and a
two-step integral method{6]. in the present study. spin
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Fig. 6. Relative shifts in Fermi levels IE.‘FI in eV, derived from

the observed degeneracy temperature (T, ), as a function of boron
doping in GMC.
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Tuble 3. ESR paramecters for various carbons

Relative Humber

Samgle*  B-Level g-Value Gith Line Shape of Spino/g
(ppa} {Caunn} {x 107}

GHC i 2.0057 &0 Lorentz fan 50

BOKCY | ¥3) 2.0049 18 Lorentzian 45

BONHC2 260 2,002 25 Hot Lorentzian E

HE 0 21,0084 7 lorentzian 13

# Ses Table 1 for the dn'acﬂpl.ma af anmples.

4k jing widths are often exprfudsed in Gausa, which ts the same 88 Oersted.

concentrations were obtained in a single cavity and, there-
fore, are subject to ermor. However, the relative number
of spins show that their concentration is reduced by a
factor of ten from GMC to BGMC2, that is, boron doping
clearly reduces the number of spins.

The relative variation in spin concentration of the MC
and GMC samples can be explained as follows. In gen-
eral, there are two types of boading involved in carbon
blacks. Some carbon atoms are tetrahedrally (sp*) boanded
to four neighboring carbon utoms, whereas other carbon
atoms are bonded to only three other neighbors by sp?
hybridization. In the second case, each curbon atom would
stifl be left with one unpaired electron, The number of
such frec electrons in a given carbon. therefore, depends
on the ratio of sp’ to sp’ bonding invelved. The presence
of tetruhedral bonding in carbon blacks hus been atluded
to by Lijimaf25}. in the process of gruphitizution, tetra-
hedral bonding is predominantly eliminated so that car-
bon atoms in each plane have only sp* hybridization. The
unpaired electrons associated with cach carbon form a
delocalized electron cloud above and below o given plane.
The spin concentration in GMC. therefore. arises from
a combined contribution of localized spins and delocal-
ized spins.

For the BGMC2, the g-value is slightly tower than the
accepted free spin value of 2.0037. This may be ascribed
te an exchange interuction between neighboring spins,
which apparently tukes place via the defocatized 7 elec-
tran cloud. This situation is reminiscent of the RKKY
interaction] 26] observed in diamagnetic altoys. The effect
of progressive addition of boron on the g-value is pre-
sented in Table 3, alonp with the corresponding changes
in 8H and line shapes. These resvits clearly show that
the addition of boron decreases the g-value, which stems
from & decrease in the £y of the GMC, This observation
is in conformity with the theory of MeClure and Ya-
fet|27]). Furthermore, these observations substantiate the
canclusions drawn from the susceptibility results pre-
sented earlier,

in general, the ESR line intensities observed at 300 K
and at 80 K for the (a) highly graphitized carbuns and
{b) “amorphous’’ muterials can be expluined in a straight-
forward manner. Typical ESR spectra for the BGMC2
samples which belong to type (a) are shown in Fig. 8(a).

For the samples of type {a), the ratios /(B0 K)}//(300
K} lie in a range from 1.14 to 1.20. Figure 8(c) depicts
the ESR intensities for sample MC which belongs 1o the
{b} carbon type. In this case the ratio {1{80 K}/ /(300 K}
is 2.2, which is considerably higher than that for the type
{a). This higher ratio is attributed to both a farger con-
tribution from the localized spins residing at various de-
fect sites in the carbon framework, and a simaller con-
wribution from conduction electrons.

4. SUMMARY

Various commercial as-received, desulfurized, graph-
itized, and boronated graphitized carbon blacks were suc-
cessfully characterized by magnetic susceptibility (x) and
ESR studies. High-surface area desutfurized carbons were
found to be twrbostratic (disordered) in nature from meas-
urements of x as a function of temperature, The graph-
itized carbon showed a temperature-dependent Landau
diamagnetism, whereas the graphitized sample subse-
quently boronated at 2073 K, displayed a paramagnetic
behavior superimposed on the Landau type diamagne-
tismn, The sample boronated at 2773 K showed an almost
tempermure-independent Langevin diamagnetism, sug-
gesting that most of the boron (at the 260 ppm level)
entered substitutional sites. The role of boron as an elec-

_ tron acceptor was thus well established, in agreemem

with previous studies. Vurious band parameters, such as
the effective electron mass and number of charge carriers
{conduction clectrons and holes), calculated for the
graphitized samples using the conceptual approximations
of a two-dimensional moded, agreed reasonably well with
those reported by previous workers. The x values were
found to decrease systematically with progressive addi-
tion of boron, and estimates of the lowering in the Fermj
level coutd be obtatned from the x data.

The ESR results, in general, confirmed the findings
from the susceptibility data, in that a systematic lowering
in the *'g"* value, the line width, and the relative spin
concentration was observed with progressive doping of
graphitized carbon black with boron.

These boron-doped carben blacks should be interesting
suppons for Fe which would repfesent a new family of
Fe/C catalysts. Their characterization by magnetic and
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Fig, 7.(a—) ESR spectra obtained at room temperature (RT)
which show changes in the **g"" vatues (with respect to DPPH).
&H and [, for MC, GMC and BGMCI, respectively. These
spectra show the effect of graphitization of MC o GMC and
that of boronation of GMC o BGMCI (see Table 3 and text).

Massbauer measurements, adsorption properties, and their
catalytic behavior in the CO hydrogenation reaction are
reported separately} 10].
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