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ESR was utilized to study Ag on SiO; over a dispersion range of
0.04 to 0.32, which gave average Ag crystallites sizes between 4
and 31 nm. For all samples only a single sharp signal was ob-
served at g = 2.0028 + 0.0002 with a peak-to-peak linewidth of
1.5-6.0 G, whether after reduction at 773 K or after adsorption of
0,, N;0 or C,H;Cl. This signal was shown to be associated with
conduction electrons existing only in small nanocrystallites (ca. 7
nm or smaller) in which quantum size effects occur to increase the
spin relaxation time and provide a CESR signal. The use of 70
verified the peak was not due to any paramagnetic oxygen species.
No correlation between line width or g shift and average crystallite
size (below 7 nm) was observed, although a model invoking quan-
tum size effects has predicted one. Adsorption of O, or N,O at
either 300 or 443 K produced identical results—the peak intensity
was decreased and no new peaks were detected. Exposure to H; at
443 or 300 K provided almost complete or partial restoration of
the signal, respectively. Adsorption of C,H;Cl at 300 K had no
effect, but at 523 K adsorption on clean Ag markedly decreased
intensity, and adsorption on an oxygen-covered Ag surface further
decreased signal strength, thus indicating the strong interaction
Cl atoms can achieve when such promoters are used in the partial
oxidation of ethylene. < 1995 Academic Press, Inc.

INTRODUCTION

Silver plays a unique role in partial oxidation reactions
as it is the only metal with sufficiently high selectivity to
allow its use in commercial processes to produce ethyl-
ene oxide. Silver is also used to obtain formaldehyde
from methanol. For highest yields, commercial silver cat-
alysts utilize a-AlLO; and are very poorly dispersed (1-
4); however, well-dispersed Ag on SiO, can also provide
surprisingly high selectivity to ethylene oxide (5). Many
studies have been conducted to better understand the
state of the Ag surface under reaction conditions, the role
of Cl-containing promoters, and the oxygen species in-
volved (1-4); the general consensus currently is that the
reactants adsorb on an oxidized Ag surface modified by
Cl, and atomic oxygen is the principal oxygen species
involved in both ethylene oxide and CO, formation (4).
Additional information about the interaction of oxygen
and a Cl-containing promoter with Ag as well as the influ-

ence of Ag crystallite size on electronic and adsorption
properties would therefore be of some interest. Further-
more, silver catalysts are more difficult to characterize
than most noble-metal catalysts because Ag chemisorbs
few gases, and although oxygen is one that does chemi-
sorb, the possibility of subsurface oxygen formation com-
plicates analyses (6). When Ag crystallites become too
small, X-ray diffraction (XRD) peaks become too broad
to be distinguished from the support and resolution be-
tween Ag particles and the support material by TEM be-
comes difficult. Thus a technique sensitive to very small
Ag crystallites would be useful.

For these reasons, a family of Ag/SiO, catalysts with a
wide range of dispersion was characterized by CESR
(conduction electron spin resonance) as well as O, chemi-
sorption, XRD, and TEM. ESR spectra were obtained
for these Ag catalysts after reduction in H,, after O, and
N,O chemisorption, and after adsorption of C,H;Cl on
both clean and O-covered Ag surfaces. A model by Ka-
wabata predicts a correlation between the square of the
particle diameter and the CESR linewidth for particles
small enough to be affected by quantum size effects (ca. 7
nm or less for Ag at 300 K) (7); consequently, we wanted
to determine if this approach might provide another
means to estimate dispersion for very small metallic Ag
particles. Our results are presented here.

EXPERIMENTAL

Seven different silica-supported silver catalysts were
studied: 0.18% Ag/SiO,, 0.45% Ag/SiO,, 0.61% Ag/
Si0,, 1.06% Ag/Si0O;, 1.50% Ag/Si0,, 2.78% Ag/SiO,,
and 16.65% Ag/SiO,. They varied in silver loading, pre-
cursor salt, preparation technique, and average Ag parti-
cle size, as listed in Table 1. The silica gel support (Davi-
son, grade 57, 220 m?*/g) was ground and then heated at
823 K for 2 h in air (Linde, dry grade) at a flow rate of 1 ft?
(STP)/h in order to remove any organic impurities before
Ag deposition. The two preparation techniques used—
incipient wetness and ion-exchange—have been de-
scribed previously (8). Each catalyst was dried in an oven
overnight at 380 K then transferred into a vial and stored
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TABLE 1
Properties of Ag/SiO; Samples after Reduction at 773 K

Gas uptake
(umol/g cat.)

Ag Loading ——— Dispersion Ag particle size
(w1%) Oairr Horir 0.4/ Ao (nm)
0.18 2.3 4.2 0.28 4.9
0.45 4.6 7.8 0.22 6.1
0.61 8.9 18.7 0.32 4.3
1.062* 8.0 14.1 0.16 8.2

1.06 sintered**® 3.7 5.5 0.075 18
1.50 12.9 29.8 0.19 7.2
2.78 19.9 41.7 0.15 8.7
16.65° 34.2 74.3 0.044 31

¢ Prepared with Ag lactate rather than AgNO;.
® Prepared using incipient wetness rather than ion exchange.

in a desiccator. The silver loadings were determined by
plasma emission spectroscopy at the Mineral Constitu-
tion Laboratory of The Pennsylvania State University
except for the 0.61% Ag/SiO,, 1.06% Ag/SiO,, and
16.65% Ag/SiO; catalysts, which were previously ana-
lyzed (5). Oxygen chemisorption and hydrogen titration
measurements were performed with a UHV gas adsorp-
tion system utilizing a turbomolecular pump (Balzers,
TSU 172) which gives a vacuum of 1 X 1077 Torr in the
sample cell, a Baratron pressure gage (MKS, model 310),
and a Theall Engineering TP 2200 temperature program-
mer/controller (9). The gases used for pretreatment and
adsorption measurements were O, (99.999%, MG Sci.),
H, (99.999%, MG Sci.), and He (99.999%, Linde). These
three gases were ultrahigh purity and further purified by
passing them through molecular sieve traps and Oxytraps
(Alltech Corp.) except for O,, which was passed only
through the molecular sieve trap. The N,O (Airco,
99.995%), C,HsCl (MG Sci., CP grade, 99.7% min), and
170, (Isotec Inc., 11.7 atom% '"O) were used as received.

The sample pretreatment prior to chemisorption or
ESR measurements consisted of calcination in 10% O,,
90% He (40 cm’ (STP)/min) at 773 K for 2 h, evacuation
at 773 K for 20 min, H;, reduction (20 cm? (STP)/min) at
773 K for 2.5 h, and evacuation at 773 K for 20 min (8).
One sample of 1.06% Ag/SiO; was sintered by heating in
air at 800 K for 30 min. The adsorption measurements
were conducted at either 443 or 300 K because 443 K
optimizes oxygen adsorption on silver to determine dis-
persion (8, 10). The isotherms at 300 K provided oxygen
uptakes for the O, ESR experiments conducted at this
temperature. The H, titration technique was also used at
each temperature (6). Typical experimental procedures
are described elsewhere (8, 11). The dispersion and aver-
age crystallite size of silver were calculated by assuming

a stoichiometry of unity for the O,q/ Ag, ratio at 443 K and
a surface site density of 1.31 X 10" Ag, cm~2 (1).

XRD measurements were made using a Rigaku
Geigerflex DMAXB X-ray diffractometer with CuK« ra-
diation and operation at 40 kV, 20 mA with a 2° slit width,
and 4°/min. Scans were also carried out on the pure SiO,
support to establish a background diffraction pattern.
When Ag peaks were detected, the sample was re-
scanned at 0.5°/min for greater sensitivity, and average
crystallite sizes were calculated using the Scherrer equa-
tion

_0.89\
d= B cos 6’ (1]

with Warren’s correction (B = B, — B?)!2, where By is
the measured linewidth and B; is the instrumental broad-
ening of 0.12°,

TEM micrographs were obtained for the 0.61% Ag/
SiO, and 1.06% Ag/Si0O, samples, which were the most
thoroughly studied, with a Philips 420 STEM system op-
erating in the TEM mode at 120 kV. The TEM samples
were placed in an acetone slurry in an ultrasonic bath for
30 min, a 400 mesh, carbon-coated copper grid was im-
mersed into the slurry, and the grid was then dried under
a heat lamp for 20 min. EDS was used to verify that the
particles counted were Ag.

ESR measurements were performed with an IBM (i.e.,
Bruker) ER 200D-SRC spectrometer using a rectangular
TE102 cavity. The sample (~0.3 g) was contained in a 4
mm O.D. quartz ESR tube (Wilmad, 707-SQ) attached to
a high-vacuum stopcock (Ace Glass), which allowed in
situ evacuation, pretreatment, and adsorption of various
gases. Approximately 7.5 cm of the quartz tube was filled
with the Ag/SiO, sample, which was considerably longer
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TABLE 2
Chemisorption on Ag/SiO, Catalysts at 300 K after Reduction

TABLE 3
Ag Surface- and Volume-weighted Crystallite Sizes on SiO,

at 773 K Calculated from Chemisorption, XRD, and TEM
Gas uptake oy (nM) oot (D)
(umol/g cat.) Ag loading
Ag loading _— Oxygen coverage at (Wt%) Chem. TEM XRD TEM
(Wt%) Osie Horie 300 K, 6¢
0.61 4.3 14.3 7.3 17.7
0.18 1.5 2.3 0.65 1.06 8.2 17.8 5.0 22.3
0.45 2.5 5.2 0.54 1.06 sintered 17.9 — 9.8 —
0.61 4.0 8.4 0.45 1.50 7.2 — 7.8 —
1.06 4.7 9.5 0.59 2.78 8.7 —_— 8.3 —
1.06 sintered 2.0 3.2 0.54 16.65 30.5 —_ 20.4 —
1.50 5.1 10.8 0.40
2.78 8.2 8.1 0.41
16.65 18.9 34.7 0.55
2 Oy (300 K)/ Oy, (443 K). 8,,. = 0.52.
RESULTS

than the ESR cavity dimension, to avoid any effect due to
change in the sample position inside the cavity. After
pretreatment on the UHV adsorption system, the cell
was moved to the ESR cavity and reconnected to the
system via 6.4 mm copper tubing, which allowed gases to
be introduced and evacuated without moving the cell
(12). The ESR baseline for the empty cell in the cavity
was recorded first and then subtracted from each Ag/SiO;
ESR spectrum using a computer. A weak pitch standard
(3.3 ppm in KCl) was used to establish g values and
known peak areas and allow spin densities to be deter-
mined. Details are given elsewhere (11).

Percentage of Total Particles

Particle Size (nm)

FIG. 1.
particles counted via TEM).

O, chemisorption and H, titration uptakes at 443 K are
listed in Table 1 along with dispersions and crystallite
sizes based on O coverages. A similar set of results ob-
tained at 300 K is provided in Table 2. The fraction of the
Ag surface covered by oxygen during the ESR measur-
ments at 300 K can be estimated by the ratio of the O,
uptakes listed in Tables 1 and 2, and the average cover-
age at 300 K is approximately constant and close to one-
half (8., = 0.52). Particle size distributions are shown in
Fig. 1 for the two samples characterized by TEM, and the
surface-weighted and volume-weighted particle sizes cal-
culated from these results, dy, and dyo, respectively, are
listed in Table 3.
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(a) Particle size distribution for 0.61% Ag/SiO, (380 particles counted via TEM), (b) particle size distribution for 1.06% Ag/SiO, (507
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FIG. 2. CESR spectra for 0.61% Ag/SiO;: (a) after reduction at 773
K for 2 h and cooling to 300 K, (b) after O, adsorption at 20 Torr and 300
K for 30 min and evacuation at 300 K for 30 min, (c) after H, titration at
45 Torr and 300 K for 30 min and evacuation at 300 K for 30 min.

CESR spectra after reduction in H, and after O, ad-
sorption for the two most thoroughly studied catalysts—
0.61% Ag/SiO, and 1.06% Ag/SiO,—are shown in Figs. 2
and 3. They are representative of all these SiO,-sup-
ported Ag samples (11). A pure SiO, support gave no
signal. All ESR line-shapes were symmetric with a g
value of 2.0028 *+ 0.0002 and peak-to-peak (AH,) line-
widths varying only between 1.5-6.0 G. The spin densi-
ties were determined before and after O, adsorption by
double integration of the derivative ESR signal and com-
parison to the weak pitch sample, and these values are
listed in Table 4. The presence of gas-phase O, allowed
weak oxygen adsorption to occur which caused notice-
able broadening of the signals. After exposure to oxygen,
no new ESR signals were ever detected but the intensity
of the peak at 2.0028 invariably was decreased compared
to the clean sample. O, adsorption at 443 K, rather than
300 K, produced similar results, i.e., no new ESR signals
and a decreased signal intensity (11). One set of experi-
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FIG. 3. CESR spectra for 1.06% Ag/SiO;: (a) after reduction at 773
K for 2 h and cooling to 300 K, (b) after O, adsorption at 20 Torr and 300
K for 30 min and evacuation at 300 K for 30 min, (c) after H; titration at
45 Torr and 300 K for 30 min and evacuation at 300 K for 30 min.

ments with '"O,-enriched oxygen (12%) produced identi-
cal results with no hyperfine structure, which would oc-
cur if the signal at g = 2.0028 were due to O~ or O35
species. Titration of some of the absorbed oxygen by H,
occurred even at 300 K, as demonstrated by both the
measured uptakes and the partial restoration of the ESR
signals in Figs. 2 and 3.

Adsorption of N,O on these Ag/SiO, samples at either
300 or 443 K generated ESR spectra essentially identical
to those obtained after O, adsorption, as shown in Fig. 4.
N,O is known to dissociatively chemisorb on Ag giving
only atomic oxygen (2, 4). The signal again increased
after exposure to H, at 300 K (11).

Several Ag/SiO, samples were exposed to C,H;Cl, and
ESR spectra were obtained after C;H;Cl adsorption at
300 and 523 K on a clean, reduced Ag surface and after
adsorption at 523 K on an O-covered Ag surface (follow-
ing oxygen chemisorption at 443 K). Results for 1.06%
Ag/SiO, are shown in Fig. 5. Although adsorption oc-

TABLE 4

Fractional Spin Density Decrease after O, Adsorption at 300 K

Spin density after

Spin density after O,

Ag loading reduction at 773 K adsorption at 300 K Fractional spin

(wt%) (spin/g cat x 10°1%) (spin/g cat x 10-%) density decrease
0.18 1.96 1.65 0.16
0.45 0.37 0.31 0.16
0.61 2.65 2.29 0.14
1.06 10.86 10.08 0.07
1.06 sintered 1.68 1.54 0.08
1.50 0.23 0.18 0.22
2.78 3.51 3.00 0.15
16.65 very small — —
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FIG. 4. CESR spectra for 0.61% Ag/SiO;: (a) after reduction at 773
K for 2 h and cooling to 300 K, (b) after N,O adsorption at 20 Torr and
300 K for 30 min and evacuation at 300 K for 30 min, (c) after additional
N,O adsorption at 20 Torr and 443 K for 3 h and evacuation at 443 K for
30 min and cooling to 300 K.

curred at 300 K, essentially no change was observed in
the ESR signal thus implying only weak physisorption
existed (11). In contrast, adsorption at 523 K decreased
the ESR signal considerably, even after evacuation, im-
plying that C,HsCIl chemisorption, presumably dissocia-
tive, had occurred (Fig. SA). O, adsorption at 443 K on
clean Ag decreased the signal, as stated earlier, but
C,H;Cl adsorption on this O-covered surface produced
an additional decrease in signal intensity, as indicated in
Fig. 5B, thus providing direct evidence that Cl-containing
organic promoters can adsorb strongly on either clean or
O-covered Ag surfaces. Again all line shapes remained
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symmetric with g = 2.0028 = 0.0002 and AH, = 1.5-6.0
G.

DISCUSSION

Electron spin resonance (ESR) has been used previ-
ously to characterize small Ag clusters and crystallites as
well as oxygen species adsorbed on these surfaces (13-
29); however, only three studies have addressed SiO,-
supported Ag (21-23). Four types of paramagnetic spe-
cies have been proposed to exist in these O,/ Ag systems:
unpaired electrons in Small Ag clusters with a positive
charge, Ag?*, where (x — &) is an odd number and x is
typically =10; conduction electrons in Ag nanocrystal-
lites, bulk-like conduction electrons in large Ag crystal-
lites, and O; or O~ absorbed on the Ag surface. Our
interest in applying conduction electron spin resonance
(CESR) to this family of dispersed Ag particles covering
a range of crystallite size was threefold: to examine the
effect of chemisorbed oxygen, N,O and C,H;Cl on the
conduction electrons via the CESR signal, to determine if
the quantum size effects relating crystalline size and peak
width proposed by Kawakata (7) could allow measure-
ment of small Ag particles, and to see if any paramagnetic
oxygen species were formed on these Ag surfaces after
chemisorption.

A. Identification of Paramagnetic Species

Very small Ag particles (ca. 1-3 nm) have been pre-
pared in vacuum by condensing Ag atoms into inert ma-
trices at low temperatures and have been studied by
Monot and co-workers (13-15) and by Ozin (16). In addi-
tion to two hyperfine-split spectra associated with iso-
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FIG. 5(A) CESR Spectra for 1.06% Ag/SiO;: (a) after reduction at 773 K for 2 h and cooling to 300 K, (b) in the presence of 20 Torr C,H;Cl after
exposure at 523 K for [ h and cooling to 300 K, (c) after evacuation of C,HCl at 300 K for 30 min. (B) CESR Spectra for 1.06% Ag/SiO,: (a) after
reduction at 773 K for 2 h and cooling to 300 K, (b) after O, adsorption at 20 Torr and 443 K for 30 min, evacuation at 443 K for 30 min, and cooling
to 300 K, (c) after C;HCl adsorption at 20 Torr and 523 K for 1 h, evacuation at 523 K for 30 min, and cooling to 300 K.
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lated ' Ag and '®Ag atoms, Monot et al. obtained a nar-
row (AHp, = 15-20 G) signal between g = 2.007 and
2.016 which was attributed to conduction electrons in
small Ag particles and had a Curie-type dependence;i.e.,
the intensity increased as temperature decreased (13-15).
Ozin also obtained ESR signals for isolated Ag atoms in
addition to a narrow CESR signal between g values of
2.013 to 2.028 (16). For larger, 5-30 nm colloidal Ag par-
ticles, a narrow (AH,, = 10-14 G) CESR signal at g =
2.034 was reported by Jain et al. (17). Silver-exchanged
zeolites have been reduced and studied by three different
groups. Hyperfine-split spectra as well as other signals
were observed in all three cases. The former signal, re-
ported at a g value of 2.053, 2.025, and 1.973 by Her-
merschmidt and Haul (18), Grobet and Schoonheydt (19),
and Xu and Kevan (20), respectively, was associated
with Agd" clusters, while the latter signals with g values
of 1.909 (18), 1.981 (19), and 1.950-2.004 (20) were attrib-
uted to conduction electrons in small Ag particles both
within the super cages and on the external surface. Line-
widths of these signals varied from 6 to 135 G. Sintering
of the Ag led to a loss of the CESR signal (18). For
somewhat larger Ag crystallites on SiO,, g values (and
linewidths) of 2.002 (6 G), 2.001 (17 G), and 1.980 (175 G)
have been reported by Gravelle and co-workers (21),
Wang et al. (22), and Shimizu et al. (23), respectively. No
CESR signal was observed with a Ag/TiO, sample re-
duced at 473 K (24).

After exposure of Ag to O, asymmetric ESR spectra
have been obtained for adsorbed oxygen due to its aniso-
tropic environment at the surface, and in all cases the
signal has been assigned to an O; species. Clarkson and
co-workers observed only such spectra for O; on Vycor-
supported Ag (25-27), while Hermerschmidt and Haul
reported such spectra for O; on Ag/zeolites along with a
CESR signal after reduction at various temperatures (28).
Shimizu et al. also reported an O; spectrum for a Ag/
SiO, sample (23), and only an O; spectrum was obtained
after O, adsorption on unsupported AgO (29).

For all the Ag/SiO, samples in this study, a single,
narrow symmetric signal at 2.0028 = 0.0002 was obtained
regardless of pretreatment or adsorbate; the only signifi-
cant variation was in signal intensity. Based on the pre-
ceding discussion, this signal is definitely not due to a
paramagnetic oxygen species. This was confirmed by
chemisorbing "O,-enriched oxygen on the 0.61% Ag/
SiO; catalyst and obtaining the ESR spectrum—no hy-
perfine splitting was observed and the spectrum was es-
sentially identical to that obtained with '°0O, (11). The
assignment of this ESR signal to very small Ag clusters
(Ag?) can also be disallowed because no hyperfine split-
ting was ever observed, as expected for these clusters
(18-20). Thus it is clearly a CESR signal; the question is
whether it represents conduction electrons in large, bulk-

like Ag crystallites or electrons in much smaller Ag nano-
crystallites.

B. Crystallite Size Effects on CESR in Metals

Few reports exist of CESR in bulk metals because re-
laxation mechanisms are extremely efficient and relaxa-
tion times are very short, which results in extremely
broad signals even at 77 K, although some spectra have
been obtained near 4 K (7, 30). Only the unpaired elec-
trons near the top of the Fermi distribution in a metal can
contribute to the CESR signal; this fraction of the total
number of electrons, kg7/Eg, when multiplied by the to-
tal electron density, NB%/kgT, gives the well-known, tem-
perature-independent, Pauli-type paramagnetic suscepti-
bility, NB*/Ep, where N is the number of atoms per
volume, 8 is the Bohr magneton, kg is Boltzmann's con-
stant, and Ef is the Fermi energy level (31). A theory of
CESR line shapes for bulk metals was worked out by
Dyson (32) and confirmed experimentally by Kip et al.
(33, 34). Schultz et al. have reported a g value of 1.983 for
bulk silver between 2 and 18 K (35), which was later
confirmed by Nishida and Horai (36). The CESR signals
obtained in this study are approximately two orders of
magnitude narrower than those expected for heavy
Group 1B bulk metals and must be associated only with
conduction electrons in Ag nanocrystallites.

The spin relaxation time, 7, for conduction electrons in
bulk metals is dominated by spin-orbit coupling and is
approximately related to the resistivity scattering time,
TR, as 7 = 7r/C where C depends on the square of the g
shift of the metal (37). This must be modified when the
metal crystallites become small enough so that surface
scattering effects must be considered, that is, when the
diameter, d, approaches the mean free path of the elec-
tron (7). The relaxation time is then /7 = C(l/7x + 2 V§/
d) where Vi is the Fermi velocity. Furthermore, when
the crystallites become sufficiently small so that the aver-
age energy spacing, 8, becomes larger than the Zeeman
(spin—-flip) energy W,, i.e., AW,/ < 1, and the spin-
orbit coupling is not strong, i.e., A/78 < 1, where £ is
1/27 h (Planck’s constant), Kawabata has shown that
these quantum size effects produce a quenching effect on
the relaxation processes, thus increasing the relaxation
time (7)

1o C(i+—2l/f)(ﬁWZ). (2]

T TR d )

Kubo had previously shown that quantum size effects
would alter the electronic properties of sufficiently small
metal particles and that 8 = 4E:/3N' where N’ is the
number of atoms in the particle (30). Consequently, this
model] for small metal crystallites predicts that as the
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quantum limits are attained, i.e., AW,/8§ < land /78 < 1,
a new, narrow CESR peak will grow out of the broad
background (7). At 300 K, using a Fermi energy of 5.48
eV for Ag, this regime for Ag should be attained at a
crystallite size of approximately 6-8 nm or less (11, 14).
Kawabata has derived correlations for these small par-
ticles indicating that both the linewidth, AH,, and the g
shift are approximately equal to AW,/n8 (7); therefore,
using the g shift of —0.019 for bulk Ag (35), our experi-
mental resonance frequency of f = 9.77 = 0.01 GHz, and
our observed g value of 2.0028 = 0.0002, it can be shown
that the equations derived by Kawabata simplify to

d¥(A) = 3.30 AH,, (G) (3]

or

d¥A) = —3.30 (g shift)(G), [4]
where the g shift is the g value for the small particles
minus that for bulk Ag (11).

The symmetry and linewidths of the CESR spectra ob-
tained in this study are completely consistent with that
anticipated from Kawabata's model, and these spectra
are similar to those associated previously with CESR in
small Ag particles although our signals are routinely nar-
rower and the g values are typically lower; however, the
agreement with the parameters reported by Gravelle er
al. for 2% Ag/Si0O, is excellent (21). Despite this consis-
tency, we found no significant variation in crystallite
sizes calculated from either Eqgs. [3] or {4], as they were
routinely around 3 A based on linewidth and typically
near 11 A based on the g shift (11); furthermore, either
set of values is much too small compared to the crystal-
lite sizes listed in Table 3. Consequently, we have found
that observed CESR linewidths do not narrow noticeably
as the crystallite size decreases below 10 nm, and Kawa-
bata’s derivations are not sufficiently refined to allow
their use to measure Ag crystallite size.

Additional evidence that the signals observed in these
samples are associated with electrons in very small parti-
cles is provided by double integration to obtain spin den-
sities. As shown in the second column of Table 4, there is
no correlation between spin density and Ag loading (or
crystallite size); furthermore, if the density of unpaired
conduction electrons in each sample is estimated at 300
K, i.e., that which could be observable by ESR,

Negp = N (kr)a

E; (5]

it is invariably larger by a factor of 25 (for 0.18% Ag/
Si0,) to almost 10° (for 16.65% Ag/SiO,). If, however,
the CESR signal is assumed to arise only from electrons

in Ag crystallites small enough to induce quantum size
effects, i.e., smaller than about 7 nm, a comparison of
spin densities can be made for the 0.61% Ag/SiO, and
1.06% Ag/Si0O, samples because the particle size distribu-
tions in Fig. 1 can be used to estimate the volume fraction
of Ag in this size range. These spin densities, calculated
using Eq. [5] based on the total number of conduction
electrons in Ag nanocrystallites smaller than 7 nm, are
1.6 x 10'¢ ESR observable electrons per gram 0.61% Ag/
Si0,, about four times higher than the density in Table 4,
whereas the calculated number for 1.06% Ag/SiO, is
1.7 x 10' ¢~ /g catalyst, which agrees well with the mea-
sured value of 1.1 x 10 ¢~/g in Table 4 (11).

C. Effect of Adsorbates on ESR Spectra

The signals attributed to the conduction electrons
broaden significantly in the presence of reversibly ad-
sorbed oxygen, but after evacuation the signals at 2.0028
regained their initial linewidth although their intensity
was decreased, as shown in Figs. 2 and 3. The obvious
conclusion from this behavior is that a fraction of the
conduction electrons becomes localized after irreversible
oxygen chemisorption occurs—this constitutes about
one-half a monolayer at 300 K, as indicated in Table 2.
Strong chemisorption of oxygen is known to occur on Ag
surfaces, and the heat of adsorption is higher on small
crystallites compared to large crystallites and bulk sur-
faces (38). Consequently, one might anticipate a correla-
tion between the fraction of Ag atoms at the surface and
the reduction in signal strength after O, adsorption, and
one does exist, as shown in Fig. 6. Although there is
significant scatter, part of which is undoubtedly due to
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FIG. 6. Correlation of fractional decrease in spin density after O,
adsorption at 300 K with silver dispersion (based on O,y). The slope is
0.7 = 0.1 (within 90% probability limits).
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the effect of crystallite size distribution on the CESR
strength, a clear trend is observable. The only difference
between O, chemisorption at 300 and 493 K was a greater
decrease in CESR signal intensity due to an increase in
surface coverage (11). Titration of chemisorbed oxygen
by H; at 443 K restored signal intensity almost com-
pletely while at 300 K partial recovery was obtained, thus
indicating that a significant fraction of this oxygen is reac-
tive with H; at room temperature (11).

Adsorption of N>O on Ag is dissociative to give atomic
oxygen, and it provides a surface coverage of oxygen at
443 K essentially equal to that obtained during O, chemi-
sorption (10, 39). The effect of N,O adsorption on the
CESR signal was consistent with this chemistry, i.e., no
paramagnetic oxygen species was formed, adsorption at
300 K reduced the signal intensity, and adsorption at 443
K decreased the CESR signal further, as illustrated in
Fig. 4. Hydrogen titration at 300 K again provided partial
restoration of the CESR signal intensity (11). This simi-
larity in behavior strongly implies that only nonpara-
magnetic atomic oxygen exists on these small Ag crysta-
lites, most probably an O? -type species.

Chlorine-containing hydrocarbons such as ethyl chlo-
ride are added to the feed in the ethylene partial oxidation
process to promote selectivity to ethylene oxide (1-4).
Single-crystal studies have shown that Cl interacts
strongly with Ag(111) and Ag(110) surfaces to suppress
ethylene combustion; this has been viewed as an elec-
tronic effect creating Ag®* sites (40-42) although an en-
semble effect has also been proposed (41, 42). When
C;HsCl was adsorbed at 300 K on a clean reduced Ag/
Si0O, sample, essentially no change was detected in the
CESR signal, as mentioned before (11). When, however,
the same experiment was conducted at 523 K, the CESR
signal intensity decreased by 60%, as demonstrated in
Fig. SA. These results strongly imply only physisorption
occurs at 300 K, whereas at reaction temperature chemi-
sorption occurs, presumably dissociative, to allow a
strong interaction between Cl atoms and electrons in the
Ag crystallites because the decrease observed after
C;H;Cl adsorption on this catalyst was greater than that
obtained after O, chemisorption. Our results also show
that C.H;sCl was adsorbed at 523 K on an oxygen-covered
Ag surface; for example, after oxygen chemisorption and
evacuation at 443 K, the CESR signal was decreased by
52%, and after heating this sample to 523 K, chemisorb-
ing C,H;Cl, and cooling to 300 K, the intensity was fur-
ther decreased to 61% of its initial value. Figure SB
shows this behavior. This is clear evidence that Cl-con-
taining promoters can effectively adsorb on both clean
and O-covered Ag surfaces at typical reaction tempera-
tures, and the pronounced effect of the Cl atoms on the
conduction electrons is clear support for the role of Cl as
an electronic promoter. This interaction between CI and

O-covered Ag surfaces is consistent with the significant
effect that very small concentrations of Cl-containing hy-
drocarbon promoters have on selectivity to ethylene ox-
ide during ethylene oxidation.

SUMMARY

This family of Ag/SiO; catalysts was thoroughly re-
duced at 773 K after a calcination step and then handled
carefully in a UHV system to prevent any exposure to
air. This procedure gave metallic Ag particles with a
range of dispersion from 0.04 to 0.32, thus providing av-
erage crystallite sizes between 4 and 31 nm. Under these
conditions, symmetric ESR signals with essentially in-
variant g values and linewidths were obtained with all
samples. The absence of hyperfine splitting eliminated
small, positively charged Ag clusters as the source, and
the narrow linewidth cannot be associated with conduc-
tion electrons in large, bulk-like Ag particles. Adsorption
of oxygen produced no new peaks and only diminished
the original signal, while adsorption of ’O-enriched oxy-
gen gave no hyperfine splitting; thus no signals attribut-
able to paramagnetic oxygen species were observed. The
ESR signals observed in this study would therefore be
associated only with conduction electrons in Ag crystal-
lites small enough to be susceptible to quantum size ef-
fects which increase the spin relaxation time and narrow
the CESR signal, as described by Kubo and Kawabata (7,
30). However, the model derived by the latter author is
not sufficiently refined to allow the predicted relationship
between crystallite size and linewidth (or g shift) to be
observed; consequently, this technique cannot augment
other methods to measure the size of very small Ag nano-
crystallites.

The adsorption of O, or N,O produced no paramag-
netic oxygen species on these Ag crystallites, and the
only effect was a decrease in the CESR signal strength
that was proportional to the Ag dispersion. From this
behavior it is concluded that chemisorbed oxygen atoms
strongly interact with the conduction electrons to form
essentially surface 0%~ species. Reaction with H, at 443
K restores the signal almost to its original strength, and
even at 300 K substantial restoration occurs via this reac-
tion which removes oxygen via water formation.

Adsorption of ethyl chloride on clean Ag had no effect
at 300 K but at 523 K it resulted in a marked decrease in
the signal intensity, presumably due to dissociative che-
misorption allowing Cl atoms to interact with the conduc-
tion electrons. At 523 K, ethyl chloride adsorption on an
O-covered Ag surface also occurred to further decrease
the CESR signal strength, consistent with its capability to
act as an electronic promoter during the partial oxidation
of ethylene to ethylene oxide.
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