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Catalysts comprising Pt supported on fluorinated carbon (0, 10,
28, and 65% F) have been characterized and their activities have
been compared for reaction of NO with NH3. Both catalytic activity
and selectivity to formation of N2 over FC-supported Pt catalysts
vary with fluorine content. Activity and selectivity each increased
with increasing F content to a maximum value at 28% F, then each
deteriorated for Pt supported on FC with 65% F. Selectivity to N2

over FC-supported catalysts at temperatures below 200◦C is supe-
rior to that at higher temperatures. XPS showed that Pt was situ-
ated at surface sites neighboring fluorinated carbons for FC having
0–28% F. However, Pt is enveloped in the support with 65% F. A
positive shift of F 1s and a negative shift of Pt 4f binding energy
were detected after Pt was deposited on the FC supports, indicat-
ing that electron charge transfer from F to Pt occurred on surfaces
of FC-supported Pt catalysts. The increase in selectivity with FC-
supported Pt catalysts is attributed to the electronic interaction be-
tween FC and Pt, which enhanced dissociative chemisorption of
NO on active Pt sites. c© 2002 Elsevier Science (USA)

Key Words: fluorinated carbon; Pt; catalyst-support interaction;
reaction of NO with NH3.
INTRODUCTION

Selective catalytic reduction (SCR) of NO with NH3

is a component reaction of well-established postcombus-
tion technology for the removal of NOx from stationary
sources and chemical plants (1–4). Although V2O5/TiO2-
based catalysts have been commercialized as medium-
temperature (300–450◦C) DeNOx catalysts, there still exist
challenges and opportunities to further extend the opera-
tion temperature window toward lower (150–300◦C) and
higher (up to 600◦C) operating temperatures to meet the
needs of different industrial applications (4–6).

Precious metals, in particular Pt-based catalysts, are well-
known low-temperature DeNOx catalysts; however, they
are also notorious for high selectivity to N2O formation
and for having a narrow operating-temperature window,
which has significantly limited their commercial applica-
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tion (2). Studies on oxide-supported Pt catalysts for SCR
of NO with hydrocarbons have shown that both selectivity
and activity of supported Pt catalysts are influenced by the
interaction between Pt and support materials. The ratio of
N2/N2O formation has been modified by varying the ratio of
SiO2/Al2O3 of ZSM-5-supported Pt and noble metal cata-
lysts when propene was used as reducing agent (7, 8). It has
also been reported that only selectivity was affected by the
ratio of SiO2/Al2O3 in ZSM-5-supported Pt catalysts when
NH3 was used as reducing agent (7). The participation by
catalyst support material in the reduction of NO over these
supported catalysts and/or promotion of the catalyst by the
support are evident.

The combination of two nitrogen atoms on the surface of
an active catalytic site to form N2 is an essential step in the
DeNOx process. It has been shown that one of the nitrogen
atoms in product N2 is from the dissociation of NO and the
other is from NH3, and that chemisorbed molecular NO
coupled with a nitrogen from NH3 to form N2O over Pt-
based catalysts when ammonia was used as reducing agent
(5, 9).

Modification of the chemical environment of Pt as the ac-
tive component through an electronic interaction between
metal and support/promoter can significantly change the
activity and selectivity of supported Pt catalysts. An in-
crease of catalytic activity by two orders of magnitude and
selectivity by four times was reported for SCR of NO with
propene when Na was introduced into a Pt/Al2O3 catalyst.
The remarkable promotion of activity and selectivity ef-
fected by Na addition was attributed to the electronic inter-
action between Na and Pt, which enhanced the dissociative
chemisorption of NO on Pt (10).

Fluorinated carbon (FC) is produced by reaction of
carbon with fluorine (11). The electronegativity difference
between F (4.0) and C (2.5) and the high fluorine concentra-
tion at the carbon surface give rise to unique physicochem-
ical properties of FC, such as strong hydrophobicity and a
variety of types of C–F bonds (12–14). The nature of the
complex chemical bonds in FC, including ionic, semiionic,
and covalent bonds between carbon and fluorine, has been
the subject of intensive study (12–16). However, few studies
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have examined the effect of the electronic interactions be-
tween carbon and fluorine in FC on the performance of ac-
tive metal catalyst when FCs are used as catalyst supports.
Our preliminary study on SCR of NO with NH3 showed that
catalytic activity and water resistance were both improved
over a FC (28%)-supported Pt catalyst compared to that of
the fluorine-free activated carbon (AC)-supported Pt cata-
lyst (17). It was proposed that the electronic interaction
between FC and Pt was an important factor influencing the
surface reaction of NO with NH3.

In the present study, a series of FC (F content of 0, 10, 28,
and 65%)-supported Pt catalysts were examined for SCR
of NO with NH3. The focus was on improved understand-
ing of the electronic interaction between Pt and FC. Al-
though numerous studies have been devoted to XPS char-
acterization of various fluorinated carbon materials, XPS
data on FC-supported metal catalysts have not previously
been described. Herein, it will be shown that the catalytic
activity and selectivity of reaction of NO with NH3 over
FC-supported Pt catalysts are affected by the electronic in-
teraction between FC and Pt.

EXPERIMENTAL

Catalyst Preparation

Preparation of Pt/FC catalysts. Commercially available
fluorinated carbons (FCs) with fluorine content of 10, 28,
and 65%, herein designated FC-10, FC-28, and FC-65,
respectively, are manufactured by fluorination of carbon
black. In this study, these FC (Allied Signal Corp.) were
used as support material for Pt/FC catalysts . For compar-
ison purposes, fluorine-free carbon black from Lodestar
(designated FC-0) and a commercial activated carbon
from Aldrich (designated AC) also were used as catalyst
supports. A 4% Pt solution of tetra-ammine platinum(II)
nitrate (Colonial Metals Inc.) in water was used as Pt cata-
lyst precursor. The procedures for the preparation of FC-
supported Pt catalysts are described elsewhere (17). Briefly,
the desired amount of platinum-containing solution was
first added to a mixture of 50 wt% methanol in water, and
then FC powder or AC powder was added. After thor-
ough mixing for 30 min, the mixture was reduced to dry-
ness in a rotary evaporator under an infrared light. The
supported Pt catalyst was reduced in flowing H2 at 300◦C
for 14 h.

The BET surface area and pore distribution of Pt/FC and
Pt/AC catalysts are presented in Tables 1 and 2.

Preparation of Pt/FC/ceramic catalysts. To model hy-
drophobic catalysts suitable for industrial applications, the
Pt/FC catalysts, and for comparison a Pt/AC catalyst, were
coated onto ceramic rings, as described previously (17).

The catalyst-coated ceramic rings were then calcined at
300◦C in air for 3 h. The Pt/FC/ceramic catalysts thus pre-
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TABLE 1

Physical Characterization of FC- and AC-Supported Pt Catalysts

BET Metal or Dispersion
of the particle Dispersion of Pt by

BET support diameter of Pt by chemisorption
Samples (m2/g) (m2/g) (nm) XRD (%) (%)

10 wt% Pt/FC-0 184 216 14.8 7.3 16.5
10 wt% Pt/FC-10 188 199 16.3 6.6 7.2
10 wt% Pt/FC-28 157 154 15.9 6.8 2.1
10 wt% Pt/FC-65 291 359 20.3 5.3 0.9
10 wt% Pt/AC 1472 1754 4.1 26.2 22.5

pared each contained 0.1 wt% Pt. The Pt/FC/ceramic cata-
lysts were then crushed and sieved to 9–20 mesh particles
(∼0.833–1.981 mm) for activity testing using a laboratory-
scale reactor.

Catalyst Characterization

The surface area (Table 1) and pore size distributions
(Table 2) of FC- and AC-supported Pt catalysts were
measured by nitrogen adsorption using an Omnisorp 360
analyzer (21). The mean particle size of Pt in the FC-
supported Pt catalyst was determined by XRD (Philips X-
Ray Diffractometer, PW 1730, Holland Philips), based on
the broadening of the platinum XRD peak at 39.8◦ (2θ)
(21). Pt dispersions were measured by both XRD and H2

pulse chemisorption (Table 1). The electronic interactions
between F and C in the FC supports and between FC and Pt
were studied using XPS (SSX-100, Al Kα X rays) (Tables 3
and 4). The scans were obtained using a 600-µm spot size
and 150-eV pass energy. High-resolution scans were taken
with a 600-µm spot size and 50-eV pass energy. All powder
samples were mounted by pressing them onto indium foil
before measurements.

TABLE 2

Pore Distribution of FC- and AC-Supported Pt Catalysts

Pore volume (mL/g)a

Pore
radius 10 wt% 10 wt% 10 wt% 10 wt% 10 wt%
(nm) Pt/FC-0 Pt/FC-10 Pt/FC-28 Pt/FC-65 Pt/AC

>30 0 0 0 0.003 0
(0.04107) (0.1082) (0.01367) (0.03714) (0)

30–20 0.01749 0.03939 0.04372 0.04417 0.01416
(0.05817) (0.07458) (0.03143) (0.03218) (0.00822)

20–10 0.08064 0.1177 0.1203 0.1253 0.07347
(0.1397) (0.1580) (0.07186) (0.08908) (0.08832)

10–5 0.08049 0.1079 0.1008 0.1109 0.1871
(0.0975) (0.1189) (0.03251) (0.08999) (0.2491)

5–1 0.04977 0.0583 0.0519 0.1129 0.5848
(0.04811) (0.0525) (0) (0.09715) (0.6988)
a Numbers in parentheses are pore volumes for fresh supports.
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TABLE 3

XPS Data for Supports and Supported Pt Catalysts

Elements detected (atomic percent)

Sample Carbon Oxygen Fluorine Platinum

FC-0 99 0.7 0.0 0.0
FC-10 79 1.0 20 0.0
FC-28 80 2.4 18 0.0
FC-65 53 <0.1 47 0.0
10 wt% Pt/FC-0 98 1.7 0.0 0.4
10 wt% Pt/FC-10 94 1.8 3.8 0.4
10 wt% Pt/FC-28 87 1.7 11 0.2
10 wt% Pt/FC-65 34 0.5 66 <0.1a

a No surface Pt detected by XPS.

High-resolution XPS depth-profile analysis for the
Pt/FC-65 catalyst was performed using synchrotron radi-
ation (Scienta 100 electron energy analyzer); the pressure
in the chamber was 1.3 × 10−10 Torr.

Catalytic Activity and Selectivity Measurement

Reaction of NO with NH3 over the FC- and AC-
supported Pt catalysts was carried out in a quartz reactor,
as described previously (17). Briefly, the reactor consists of
preheating, reaction, and cooling zones. The Pt/FC/ceramic
catalyst was packed inside the reaction zone (8-mm ID and
100 mm long). Reactant gases were fed into the preheat-
ing zone through three separate tubes and mixed at the
top of the reaction zone. The feed gas was prepared by
blending individual gases using mass flow controllers. A
typical initial volumetric gas composition was 500 ppm NO,
500 ppm NH3, 4% O2, and balance N2. A total gas flow rate
of 600 mL/min (STP) corresponding to a gas hourly space
velocity of 14,400 h−1 was used throughout this study.

Gas Analysis

NO and NO2 concentrations were analyzed using a
chemiluminescence NO/NOx analyzer (Thermo Electro
Corp., Model 10). NO2 concentration was determined from
the difference between NOx and NO measured using the
NO/NOx analyzer. To eliminate the interference of NH3 on

TABLE 4

Binding Energy Change of Pt 4f7/2 for
Fluorinated-Carbon-Supported Pt Catalysts

Sample Platinum (4f7/2)

10 wt% Pt/FC-0 71.6 eVa , metallic
10 wt% Pt/FC-10 71.5 eV, metallic
10 wt% Pt/FC-28 71.4 eV, metallic
10 wt% Pt/FC-65 No surface Pt detected
a Binding energy referenced to carbon (1s) at 284.5 eV.
ND SANGER

NOx analysis, an ice-bath trap containing boric acid solu-
tion was used to remove NH3 before effluent gas was fed to
the NO/NOx analyzer. An online gas chromatograph (HP
5809II) equipped with a Porapak R column and TCD was
used for N2O analysis. A separate sample line was used
for ammonia analysis. Ammonia concentration was deter-
mined using standard titration methods and hydrochloric
acid solution as titrant.

RESULTS AND DISCUSSION

Physical and Structural Characterization of Supported
Pt Catalysts

The physical properties of FC- and AC-supported Pt
catalysts characterized by XRD and BET methods are
listed in Table 1. Depositing Pt onto the carbon support
caused a decrease of BET surface area (Table 1), ex-
cept for FC-28, where the BET surface area of the cata-
lyst was substantially similar to that of the support alone.
The Pt-induced decrease of BET surface area is attributed
to pore blocking by Pt particles. The average Pt particulate
size (Table 1) was comparable to the size of the average
support pore (Table 2). The growth of Pt particles in or at
the openings to pores reduced access and thereby reduced
total accessible pore volume as well as the average pore size
measured for Pt/FC, compared with values for the supports
alone.

Accessibility of aqueous solution of the Pt precursor to
pores was affected by the F content, resulting in changes
to pore-size distributions as follows. A decrease in pore
volume of all pores was observed when Pt was deposited
on the support having low fluorine content (FC-10) and
fluorine-free carbons (FC-0 and AC). In contrast, the pore
volume of medium and small pores (radius < 30 nm) in-
creased as the pore volume of larger pores decreased when
Pt was deposited on moderate and high fluorinated carbons
(FC-28 and FC-65). This effect is attributed to differences
in accessibility to pores by the water-containing solution.
As the fluorine content of the support increased, the fluo-
rinated carbon became more hydrophobic. Consequently,
the water-containing Pt solution was less able to access and
occupy medium and small pores. Hence, Pt particles were
more likely to grow and accumulate on the outer surface
or in larger pores, resulting in larger particle size and lower
dispersion (Table 1). Thus Pt dispersion decreased with in-
creasing fluorine content in the FC supports.

Pt dispersion was also measured by hydrogen chemisorp-
tion (Table 1). Surprisingly, apparent values for Pt dis-
persions measured by hydrogen chemisorption were sig-
nificantly lower than values measured by XRD for the
fluorinated-carbon-supported Pt catalysts, especially when
using the two most fluorinated supports (FC-28 and FC-65).
These two catalysts showed very low ability to chemisorb

hydrogen. Suppression of chemisorption of hydrogen



I
Pt-FLUORINATED CARBON INTERACT

indicated that there existed a strong interaction between Pt
and fluorinated carbon in fluorinated-carbon-supported Pt
catalysts. The catalyst–support interaction in Pt/FC-65 was
so strong that catalytic activity was inhibited (see Effect of
F Content on Catalytic Activity and Selectivity).

XPS Study of the Interactions between Fluorine and
Carbon and between Pt and FC Support

Table 3 presents the XPS data for FC supports and the
corresponding supported Pt/FC catalysts. Deposition of Pt
onto FC increased the proportion of surface carbon atoms
from 79 to 94% and from 80 to 87% for FC-10 and FC-28,
respectively, and decreased surface carbon atoms from 53
to 34% for FC-65. The proportion of surface fluorine atoms
decreased from 20 to 3.8% and from 18 to 11% for FC-10
and FC-28, respectively, but increased from 44 to 66% for
FC-65. Further, the proportion of Pt surface atoms detected
by XPS decreased with increasing fluorine content of the
support, even though each had the same 10 wt% Pt loading.
Surprisingly, virtually no surface Pt was detected by XPS for
the sample Pt/FC-65 containing 10 wt% Pt. By calculating
the atomic ratio of fluorine to carbon on the surface of FC-
supported Pt catalysts before and after incorporation of Pt,
it was found that the ratio of surface F to surface C dropped
from 0.25 to 0.04 for FC-10 and from 0.23 to 0.13 for FC-28,
but increased from 0.83 to 1.94 for FC-65. Thus Pt/FC-10
and Pt/FC-28 were shown to have a relatively fluorine-
lean surface, and Pt/FC-65 was shown to have a relatively
fluorine-rich surface. These data show that Pt was situated
at fluorine-rich sites and covered a significant fraction of F
sites of FC-10 and FC-28.

Hydrogen chemisorption behavior was a function of both
the availability of Pt sites on the catalyst surface and the Pt-
support interaction (19). The low proportion of surface Pt
sites for Pt/FC-28 and Pt/FC-65 detected by XPS was consis-
tent with the observed low hydrogen chemisorption ability.
For Pt/FC-28, the loss of hydrogen chemisorption ability is
attributed directly to the interaction between fluorine and
Pt. The XPS and hydrogen chemisorption data each ap-
peared to show that very few Pt surface sites were present
on 10 wt% Pt/FC-65. The loss of hydrogen chemisorption
ability for this material is exacerbated by the envelopment
of Pt by FC-65, as will now be described.

To determine the location of Pt in Pt/FC-65, synchrotron
radiation was used to perform high-resolution XPS depth-
profile analysis of Pt/FC-65. The depth profile clearly
showed that the large majority of Pt was not on the surface,
and Pt particles were located mainly about 1 nm below the
surface (Fig. 1). The results from XPS depth-profile analy-
sis were consistent with a structure in which Pt sites were
enveloped within perfluorinated carbon. A similar metal–
support interaction effect was observed for the Pt/TiO2 sys-

tem (19, 20). The suppression of H2 and CO chemisorption
on Pt/TiO2 in a strong metal–support interaction (SMSI)
ON IN REDUCTION OF NO WITH NH3 311
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FIG. 1. Depth profile for 10 wt% Pt/FC-65.

state was explained by site blockage due to the migration
and formation of a TiOx overlayer. The overlayer of FC-65
on Pt as shown by depth-profile analysis accounts for both
the exceptionally low amount of H2 chemisorption and the
weak XPS Pt signal observed for highly fluorinated-carbon-
supported Pt catalysts, especially Pt/FC-65. However, it is
unknown how and during what preparation stage these per-
fluorinated carbon species enveloped the Pt particles. Such
behavior is unprecedented for metal–FC systems.

XPS spectra of the fluorinated carbon supports are com-
pared with spectra of the corresponding supported Pt
catalysts in Figs. 2 and 3 (C 1s), and 4 and 5 (F 1s), re-
spectively. C 1s spectra initially changed with increasing F
content, from one peak to two main peaks, and then to

Binding Energy (eV)

275.0 277.5 280.0 282.5 285.0 287.5 290.0 292.5 295.0

FC-0

FC-10

FC-28

FC-65
FIG. 2. C 1s XPS spectra of fluorinated carbon.
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FIG. 3. C 1s XPS spectra of FC-supported Pt catalysts.

one charge-broadened peak (Fig. 2). For fluorine-free car-
bon, FC-0, there was only one peak, located at 284.5 eV,
corresponding to nonfluorinated graphitic carbon having
only C–C bonds. For each FC, the peak located at lower
binding energy (BE) is assigned to nonfluorinated carbon,
“graphitic carbon,” and the peak at higher value is assigned
to C atoms bonded to F atoms (16). Before Pt is deposited,
the peak C 1s binding energy for envelopes assigned to C
bonded directly to F increased slightly as F content in-
creased (Fig. 2). The main C 1s spectra at binding ener-
gies of 286.2 ± 0.3 and 287 ± 0.3 (shoulder) eV for FC-10
and 287.2 ± 0.3 eV for FC-28 are assigned to C

¯
–CF and

C
¯

–F with significant semiionic bonding character. The cor-
responding F 1s components were observed at 685.6 and
686.2 eV (Fig. 4). For FC-65, the broad C 1s and F 1s en-
velopes indicated that a wide range of F–C bonding existed
in this support, including covalent C–F bonds in the α posi-
tion of border CF2 groups and other CFn groups. The F 1s
peak became broader with increasing fluorine content. The
F 1s spectra of FC-65 showed an asymmetric broad peak
from 680 to 689 eV. Deconvolution of the broad envelop of
F 1s peaks for FC-65 indicated that several C–F components

were present, including three major components, with bind-
ND SANGER

ing energies of 687.26, 685.70, and 683.67 eV. Generally, the
binding energy of fluoride anions in solids has been found
to vary with environment between 683 and 685 eV (12). It is
well accepted (12, and references therein) that the nature of
the bond between F and C changes with fluorine content in
fluorinated carbons. The values for FC-10, FC-28, and FC-
65 each showed that a proportion of C–F bonds had strong
ionic character. When the F/C atomic ratio is low, the C–F
bond has significant ionic character. As the fluorine content
increases, the nature of the C–F bonds changes from mainly
ionic to semiionic and then to covalent.

The C 1s and F 1s spectra for Pt/FC catalysts are shown in
Figs. 3 and 5. After depositing Pt onto FC, the C 1s spectrum
for Pt/FC-0 had the same binding energy as FC-0 alone, in-
dicating that no major electronic interaction occurred be-
tween Pt and carbon in this sample. For FC other than FC-0,
the C 1s spectra for Pt/FC differed from the spectra for the
corresponding FC alone. The C 1s components correspond-
ing to C

¯
–F (higher binding energy) decreased for the two

high-fluorine-content samples, Pt/FC-28 and Pt/FC-65, and
was not detected for Pt/FC-10. The C 1s spectra for Pt/FC-65
split into two broad peaks. The lower binding energy com-
ponent can be assigned to both C

¯
–C and C

¯
–H bonded car-

bon, while the higher binding energy component appeared
to contain signals from C

¯
–F bonded carbon (Fig. 3). The

decrease or disappearance of signals attributed to carbon
having C–F bonds on the surface of Pt/FC-10 and Pt/FC-28
samples paralleled the corresponding reductions in F 1s sig-
nals for FC-10 and FC-28 (Fig. 5). In contrast to Pt/FC-10
and Pt/FC-28 samples, the F 1s spectra of Pt/FC-65 showed
two peaks, a broad peak at lower binding energy and an-
other peak as a shoulder at higher binding energy. It was also
noted that the binding energy of residual F 1s components

Binding Energy (eV)

678 680 682 684 686 688 690 692

FC-65

FC-28

FC-10
FIG. 4. F 1s XPS spectra of fluorinated carbon.
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Binding Energy (eV)
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FIG. 5. F 1s XPS spectra of FC-supported Pt catalysts.

corresponding to C–F bond shifted positively with increas-
ing F content. The disappearance or decrease of signals for
carbon having C–F bonds for Pt/FC-10 and Pt/FC-28 cata-
lysts showed that Pt was situated at fluorinated carbon sites.
For Pt/FC-10 and Pt/FC-28, almost all fluorinated carbon
domains were covered with Pt, and all Pt particles were
closely in contact with fluorinated carbon species on the sur-
face of the Pt/FC samples. The positive shift of F 1s binding
energy with increasing F content also indicated the occur-
rence of electron charge transfer from F to Pt when Pt was
deposited onto those surface fluorinated carbon sites.

Table 4 shows the Pt 4f7/2 binding energy for each Pt/FC.
The Pt 4f7/2 binding energy decreased by −0.2 eV as fluorine
content increased from 0 to 28%. The negative shift of bind-
ing energy for FC-supported surface Pt atoms confirmed
that electronic interactions existed between FC and Pt
atoms. The electronic perturbation of Pt active sites by FC
parallels the observed suppression of hydrogen chemisorp-
tion on Pt/FC-supported catalysts. Surprisingly, the fluorine
content on the surface of Pt/FC-65 increased from 47 to
66% after depositing Pt, and almost no Pt was found on
the surface. Thus, the support was restructured as a con-
sequence of Pt deposition. It may be concluded that both
electronic interaction between Pt and FC and the active site
blockage by FC are responsible for the suppression of H2

chemisorption and lower catalytic activity (see below).

Effect of F Content on Catalytic Activity and Selectivity

The impact of the electronic interaction between Pt and

FC support on catalytic activity and selectivity for the re-
ION IN REDUCTION OF NO WITH NH3 313

action of NO with NH3 has been examined using Pt cata-
lysts having the same Pt loading on FC supports containing
different amounts of fluorine (0, 10, 28, and 65 wt%), in
the temperature range 100–275◦C and at a constant space
velocity of 14,400 h−1. Neither CO2 nor CO was detected
in the effluent, using online GC. The catalytic activity and
selectivity of Pt/FC catalysts showed a strong dependence
on F content (Figs. 6 and 7). The Pt/FC series of cata-
lysts showed higher catalytic activity than did Pt/AC, even
though the latter had much higher Pt dispersion. Thus the
reaction of NO with NH3 over these catalysts was more
sensitive to the Pt chemical environment than to catalyst
structure, as previously reported for a related catalytic re-
action system (21). For each catalyst, NO conversion in-
creased with temperature, to a maximum value at tem-
peratures in the range 175–200◦C, and then decreased at
temperatures over 200◦C (Figs. 6 and 7). At temperatures
below 200◦C, catalysts supported on carbon with low-to-
moderate F content (FC-10 and FC-28) showed greater
low-temperature NO conversion than catalysts having FC-
0, FC-65, or AC as supports. At 150◦C, NO and NH3 con-
version over Pt/FC-28 catalyst were, respectively, about
2.5 and 3.0 times higher than that over Pt/FC-0 catalyst
(Fig. 6).

Selective catalytic reduction of NO with NH3 over sup-
ported Pt catalysts involves several interactions, of which
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the following are the main reactions (1, 2):

4NO + 4NH3 + O2 = 4N2 + 6H2O, [1]

4NO + 4NH3 + 3O2 = 4N2O + 6H2O, [2]

2NH3 + 2O2 = N2O + 3H2O, [3]

4NH3 + 3O2 = N2 + 6H2O, [4]

4NH3 + 5O2 = 4NO + 6H2O. [5]

The almost one-to-one consumption of NO and NH3

and formation of both N2 and N2O as products over FC-
supported catalysts at temperatures below 200◦C indicated
that Reactions [1] and [2] were dominant in this tempera-
ture range. The above XPS data showed that the F content
affected both the F–C bonding and the Pt–FC electronic
interaction. In combination, these data suggest that the op-
timum F content favored either or both Reactions [1] and
[2], and excess F inhibited these reactions. The inhibiting
effect of high F content in Pt/FC-65 is attributed to the

blockage of surface Pt active sites by fluorinated carbon
and perfluorinated carbon surface domains.
ND SANGER

At temperatures above 200◦C, the molar ratio of reacted
NO to NH3 became less than unity, as ammonia was more
readily oxidized by oxygen at high temperatures (Reac-
tions [3], [4], and [5]) (2, 22). Among the Pt/FC series of
catalysts, NO conversion decreased with increasing fluorine
content, indicating that the presence of fluorine also pro-
moted NH3 oxidation by O2 to NO at temperatures above
200◦C. The electronic interaction between fluorine and car-
bon resulted in a more positively charged carbon (XPS).
Pt deposited onto the fluorinated carbon surface interacted
with F sites (e.g., Pt/FC-10). Nevertheless, several resid-
ual FC sites still remained on the surface. Carbon atoms
having F–C bonds with semiionic or ionic character were
more positively charged than graphitic carbon, and accessi-
ble positive carbon centers may have served as Lewis acid
sites, thereby enhancing chemisorption of ammonia and ac-
tivation of ammonia to oxidation by O2. Experiments using
FC-28 (17) and FC-65 supports alone as catalysts showed
that FC-28 exhibited weak NO/NH3 activity at tempera-
tures higher than 200◦C, while FC-65 showed no activity
under similar conditions. These results indicated that the
surface of FC-28 includes some acidic sites, but that is not
the case for FC-65.

To quantify the effect of fluorine content on selectivity,
product selectivity based on the mass balance for N in the
feed and product streams is expressed as

N2 Selectivity (%)

= 2[N2]
[NO + NH3]initial − [NO + NH3]final

× 100.

The product selectivity can be defined similarly for N2O
and NO2.

Pt/FC catalysts showed higher selectivity to N2 than the
fluorine-free counterparts, Pt/FC-0 and Pt/AC, especially
in the temperature range 150–200◦C where Reactions [1]
and [2] predominated and selectivity to NO2 was less than
5% for all catalysts (Fig. 7). It can be seen that selectiv-
ity to N2 was significantly improved and selectivity to N2O
was suppressed over Pt/FC catalysts when compared with
fluorine-free Pt/FC-0 and Pt/AC. Compared to the fluorine-
free Pt/FC-0 catalyst, it was found that using Pt/FC-10
catalysts increased N2 selectivity by about fivefold at 150◦C
and about twofold at 175◦C and correspondingly decreased
N2O selectivity (Fig. 7). The optimum activity and selectiv-
ity for reaction of NO with NH3 over Pt/FC catalysts was
found to be Pt/FC-28. The catalytic activity for Pt/FC-65
was inhibited by the increased fluorine content, and re-
sulting envelopment of Pt, and selectivity to N2 was poor.
At 200◦C, N2 selectivity over Pt/FC-28 was about 2.6-fold
higher than that over Pt/FC-0, and about 4.2-fold higher
than that over Pt/AC.
N2 formation in the reaction of NO with NH3 over Pt
catalysts involves dissociative chemisorption of NO at
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active sites (5, 9). XPS results showed a −0.1 to −0.2 eV
binding energy shift of Pt 4f7/2 for Pt/FC-10 and FC-28
compared with that of Pt/FC-0, due to the electronic inter-
action between FC and Pt. The increased electron density
on Pt promoted dissociative chemisorption of NO by en-
hanced availability of electrons for donation to antibonding
orbitals of NO (10), which in turn promoted activation of
the NO bond. N2O formation over fluorinated Pt/FC cata-
lysts was suppressed when compared with that of Pt/FC-
0, at temperatures below 200◦C. These results are consis-
tent with the interpretation that N2 formation under mild
conditions (Reaction [1]) was more favorable with Pt/FC
catalysts.

CONCLUSIONS

A strong electronic interaction exists between F and C
in both fluorinated carbon (FC) supports and the corre-
sponding Pt/FC catalysts. The F–C bond has strong ionic
character for supports having 10–28% F. The bond struc-
ture is more complex when the fluorine content is 65%. Pt
in Pt/FC catalysts is more electron rich than Pt supported
on fluorine-free supports, due to electron transfer from FC
to Pt.

The type of carbon (FC; AC) and the fluorine content
of fluorinated carbon each affect the catalyst–support in-
teraction and thereby affect the catalytic activity and se-
lectivity. Optimum activity and selectivity are found for
Pt/FC catalysts when the support has 28% fluorine con-
tent. Beyond this fluorine level, catalytic activity is in-
hibited due to blocking of Pt sites caused by envelop-
ment by the support. The promoting effect of fluorine
on catalytic activity and selectivity is attributed to en-
hanced availability of electrons from electron-rich Pt sites,
which donate electrons to NO antibonding orbitals and

thereby promote dissociative chemisorption and reaction of
NO.
ION IN REDUCTION OF NO WITH NH3 315
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