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Carbon-supported Pd catalysts with a copper compound for the
oxidation of methane to a methanol derivative, CF3COOCHj3, in
the presence of CO and O, were characterized. The bulk structure
and chemical environment of palladium and copper were deter-
mined by XRD and XAFS, respectively. In this reaction system,
the nature of cocatalyst, the presence of Cl~, and the solvent com-
position changed the structure of the palladium species and af-
fected the yield of CF3COOCHs. In the presence of a copper com-
pound and CI~, the metallic palladium can be partly oxidized into
Pd(I1) species, which resulted in higher yields of CF3COOCH:s.
For the active catalyst system, the copper compound was present
as CuCl. Pd(Il) species coordinated with CI~ appeared to be es-
sential for the selective activation of methane and the metal-
lic palladium for the in situ generation of H,O, from CO, H,0,
and 0O,. (© 2000 Academic Press

Key Words: methane oxidation; methanol; Pd/C; copper; chlorine
ion; XAFS; XRD.

INTRODUCTION

One of nature’s great challenges to the scientist is the
selective oxidation of methane (the primary component in
natural gas) to methanol or other efficiently transportable
materials. There have been a number of reported cata-
lyst systems that have the potential to serve the purpose
in the gas phase and/or in the liquid phase but few have
been found to be attractive in an economic viewpoint
(1). Recently, metal-catalyzed systems in protic media at-
tract much attention because highly selective and produc-
tive functionalizations of methane have been accomplished
(2-7). One of these metal compounds, palladium, also has
been reported to be active for the oxidative carbonylation
(8-15), partial oxidation (16-31), and carboxylation reac-
tion (32-35) in the presence of cocatalyst as a redox part-
ner. Despite a number of reports on the reaction itself,
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characterization of these various redox systems containing
palladium as a main active component has been limited.
For the oxidative carbonylation of phenol, Takagi et al.
(15) studied a novel catalyst of Pd/C-Pb—-NMe,Br with
ICP analysis and reported that the Pd species seemed to
work as a homogenous catalyst. For the oxidation of car-
bon monoxide over supported PdCl,—CuCl; catalysts, IR
(22), XRD (23-27), and XAFS (27-31) studies have indi-
cated that the reaction scheme appears similar to that of
homogeneous Wacker processes even over the supported
catalyst system. Fujiwara’s group (35) studied a homo-
geneous Pd(OAC),~Cu(OAC),-K,S,05-CF;COOH (TFA)
system which leads to the carboxylation of small alkanes.
They observed the change in the electronic state of pal-
ladium in the presence of Cu salts with visible-UV spec-
troscopy and electron spectroscopy for chemical analysis
(ESCA).

Sen and co-workers have reported the activation of
small hydrocarbons (4-7) and decomposition of highly toxic
molecules (36-38) over Pd-based catalyst systems in the
presence of CO and O,. Recently, they employed 5% Pd/C
and soluble copper(l1) salts in a mixture of trifluoroacetic
acid (TFA) and water and observed the selective oxidation
of methane and other lower alkanes by dioxygen (6). In
this system, carbon monoxide must also be present in the
reaction mixture in order to maintain a high selectivity to
partially oxidized products in the reaction. The necessity of
a co-reductant bears a striking resemblance to reactions of
monooxygenase enzymes (e.g., cytochrome P450), which
requires a reducing agent such as NADH to activate O,
and effect oxidation of substrates (39). The characteristics
of the reaction show that this catalyst system is quite dif-
ferent from the previously reported catalyst systems of Pd
and a second metal. In spite of these interesting findings,
works to correlate the catalytic activity with the structure
of catalyst have not been accomplished yet. In this work,
we characterized the similar catalyst system and attempted
to find the correlation between the catalyst structure and
the catalytic activity and selectivity in functionalization of
methane.
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EXPERIMENTAL

Catalysts

5% Pd/C (Alfa) was purchased and utilized after reduc-
tion at 473 K in the dihydrogen streams. 5% Pd/AC cata-
lysts were prepared by the wet impregnation method from
Pd(NO3), and activated carbon (AC, BET surface area,
1075 m?/g) followed by reduction at different temperatures.
As inorganic cocatalysts, CuCl, - 2H,0 and Cu(CH3;COO),
with or without NaCl were utilized.

Reactions

Given amounts of Pd catalyst, an inorganic cocatalyst,
and TFA and/or water as solvent were charged into a 300-ml
autoclave reactor (Parr) with a glass liner. CO, O,, Ny, and
CH, were successively charged and the reaction temper-
ature was adjusted to 353 K or 373 K. Reaction products
were identified by GC-mass (HP 5971 MSD) and quanti-
fied by gas chromatography (HP 5890 GC) by comparison
with authentic samples. The reaction rates were expressed
in site time yield (STY) defined as the moles of selective
oxidation products (CF3COOCH3; and HCOOH) formed
per mole of Pd per second.

Characterization of Catalysts

The XAFS (X-ray absorption fine structure) spectrawere
taken in transmission mode for the K-edges of Pd and Cu
at beamline 10B of the Photon Factory in the National
Laboratory for High Energy Physics (KEK) operating at
2.5 GeV with ca. 250-350 mA of stored current (40-42).
Catalysts were evacuated at 333 K to remove solvents af-
ter the reaction and transferred into an EXAFS cell with
Kapton windows and the cell was sealed. In the case of
Cu samples, it was difficult to make such thin XAFS sam-
ple wafers that would give an optimal X-ray absorption
because of high Cu loadings. Thus, samples after measur-
ing Pd K-edge XAFS were exposed to air just before the
measurement of Cu spectra to minimize the exposure time.
The spectra were taken in a transmission mode at room
temperature. lonization chambers were used for measur-
ing beam intensities. For Cu samples, the detector gases
were N, (100%) for the incident beam and N, (85%) + Ar
(15%) for the transmitted beam, and in the measurement
of Pd samples Ar (100%) gases were used for both detec-
tors. In addition to catalyst samples, XAFS data were also
obtained for Pd foil, PdCl,, Pd(CH3COO),, and PdO sam-
ples as Pd references and Cu foil, CuCl, Cu(CH3;COQ)s,
and CuCl; - 2H,0 as Cu references. The obtained XANES
(X-ray absorption near-edge structure) spectra were ana-
lyzed in a VAX/VVMS operating system by UWS5 package,
and EXAFS (extended X-ray absorption fine structure)
data were analyzed by using the UWXAFS 3.0 package and
FEFF 7.0 code licensed from the University of Washington

(43). The XAFS data were first subject to pre-edge subtrac-
tion so as to remove the effects due to absorption by another
edge of the absorber or by other components. The pre-edge
region was fitted with asimple line and extrapolated beyond
the edge. The interference function of EXAFS is defined as
x(E) =[(E) — no(E)V Auno(Eo) above the absorption edge
(Eo) where 1 (E) is the absorption coefficient due to particu-
lar edge of the element of interest in the sample, uo(E) isthe
atomic-like absorption, and A u(E,) is the jump at the edge.
Unmeasured uo(E) is approximated by a piecewise spline
that can be adjusted so that low R-components of Fourier
transformed data (x (R)) are optimized. The scaled EXAFS
function k3x (k) of momentum (k) space was converted to
real space, i.e., R-space, by Fourier transformation, result-
ing in the radial structural function (RSF) of the sample.
For Fourier transformation, ki, was chosen between 1.20
and 2.00 A~ and kmax between 12.25 and 14.25 A~* with
Hanning window sills.

The nonlinear EXAFS fitting was performed in R-space
without Fourier filtering. The standards were Pd-Pd and
Pd-Cl single scattering that were synthesized with the FEFF
code by using structural information on Pd metal (44) and
PdClI; (45). Asingle adjustable parameter in XAFS analysis,
amplitude reduction factor (), was taken to be 0.88 for
Pd, which was found by fitting experimental RSFs of Pd
foil with a theoretical one.

X-ray powder diffraction patterns were obtained at room
temperature using a M18XHF (MAC Science Co.) with
Ni-filtered Cu Ko radiation (1.54056 A). The X-ray tube
was operated at 40 kV and 200 mA. Samples were pre-
pared as done for XAFS techniques and packed into a glass
holder having an 18- x 18- x 2-mm opening. No adhesive
or binder was necessary. The 26 angle was scanned at a
rate of 4° min~. To obtain an average particle size, a line
broadening analysis of XRD peaks was performed using
the Scherrer equation (46).

RESULTS

Homogeneous Pd Catalyst vs Heterogeneous Pd/C

The functionalization of methane over this catalyst sys-
tem proceeds according to the overall stoichiometry repre-
sented by reaction [1]:

CH4 + CF;COOH + CO + Oy

This reaction has been reported to occur with forma-
tion of by-products that include the hydrolysis product of
CF3COOCHj3; such as methanol and further oxidized prod-
ucts such as HCOOH and CO; (6). Throughout our exper-
iments, HCOOH was observed as the major by-product.
The yield of HCOOH was generally proportional to that of
CF3COOCH;. Related to carbon monoxide, there is a side
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TABLE 1

Effects of Various Palladium and Copper Compounds in the Homogeneous System?

Oxidation products/mmol

Run Pd compound Cu compound CF3;COOCH;3 HCOOH STYP x 10*
1 PdCl, — — — —
2 — CuCl, — — —
3 PdCl, CuCl, 0.41 0.19 5.9
4 Pd(CH3;COO0), Cu(CH3COO0), 0.04 0.11 15
5 Pd(CH3C0O0), CuCl, 0.46 0.50 9.5
6 PdCl, CuCl 0.47 0.49 9.5
7 PdCl, Cu(CH3;CO0), 0.52 0.40 9.1

2pPd, 0.0564 mmol; Cu, 0.1 mmol; H,O, 1 ml; CF3COOH, 3 ml; CHy, 400 psi; CO, 200 psi; O,

100 psi; 353 K; after 5 h.

bSite time yield (STY) is defined as the moles of oxidation products per moles of Pd per second.

reaction [2]:
CO + 10, — CO,. [2]

This is the complete CO oxidation catalyzed by Pd(II)
species following well-known Wacker chemistry.

The effects of various palladium and copper compounds
were examined in the homogeneous system as shown in
Table 1. Palladium or copper compound alone gave much
lower yields of CF3COOCH; than those obtained in the
presence of both compounds. Even in the latter case, the
yield increased when CI~ was present as a ligand for the Pd
or Cu compound.

For the potential advantage in practical applications,
carbon-supported Pd catalyst was introduced as a hetero-
geneous catalyst and compared to the homogeneous PdCl,
catalyst. As shown in Table 2, both catalysts showed simi-
lar yields of CF3COOCH; with the same amount of Pd as
long as the metallic palladium was well dispersed (run 2 in
Table 2). For carbon-supported Pd catalysts, increas-
ing reduction temperatures gave larger particle sizes of
palladium, lower CO conversions, and lower yields of

CF3;COOCHj3. Thus, the particle size of palladium appears
to be closely related to the yield of CF3COOCH:;.

Effect of CI~

In this catalyst system, the presence of a copper com-
pound as a cocatalyst was proved to be essential (6). In ad-
dition, the yield of CF3COOCHj 3 increased with the amount
of CI~ added as NaCl as shown in Table 3. However, an ex-
cessive amount of NaCl (in case of [NaCl]/[Pd] = 100) gave
a higher CO conversion but had an adverse effect on the
yield of CF3COOCHs.

XRD was conducted to observe the change in the bulk
structure of palladium and copper during the reaction. In
Fig. 1, the peak at 26 of 40° represents the Pd(111) plane.
Its intensity increased after the reaction in the absence of
Cu(CH3COO0); and NaCl, indicating the growth of the size
of palladium metal. The crystal sizes of palladium calcu-
lated by the Scherrer equation from line-broadening of the
Pd(111) plane were 6.5 nm and 36.6 nm before and after the
reaction, respectively. However, this peak height decreased
inthe presence of Cu(CH3COQ);, and NaCl. As the amount

TABLE 2

Activity Comparison between Homogeneous PdCl, and Heterogeneous Pd/C Catalysts?

Particle size®

Oxidation products/mmol

CO conversion

Run Pd catalyst d/nm CF;COOCH; HCOOH STY®x 10° (%)
1 PdCl, (homogeneous) — 0.70 0.74 8.0 67
2 5% Pd /C, 473K 6.5 0.69 0.62 7.3 63
3 5% Pd/AC, 673K 12.6 0.60 0.61 6.7 56
4 5% Pd/AC, 873K 36.6 0.53 0.51 5.8 50

35% Pd/C, 21.5 mg (Pd, 1.0 x 10~ mol) or PdCl; (1.0 x 10~° mol), Cu(CH3COO0); (5.0 x 10~° mol),
NaCl (1.5 x 10~* mol); H,O, 1 ml; CF3COOH, 3 ml; CHy, 300 psi; N, 100 psi; CO, 200 psi; O, 100 psi;

373 K; after 5 h.
b By X-ray line broadening.
¢ Same definition as described in Table 1.
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FIG.1. X-ray diffractogram of 5% Pd/C catalyst system reduced at
473 K before (a) and after the reaction (b) in the absence of Cu(CH3;COO),
and after the reaction under different mole ratios of NaCl relative to Pd of 0
(c),5(d), 15 (e), and 100 (f) in the presence of Cu(CH3COO); ([Cu])/[Pd] =
5); the solvent composition and reaction conditions were the same as those
in Table 2.

of NaCl increased at a fixed amount of Cu(CH3COO),
(mole ratio of Cu/Pd = 5), peaks representing CuCl became
strengthened. When an excessive amount of NaCl was used
([NaCl}/[Pd] = 100), sharp peaks representing NaCl were
also observed.

In order to obtain information on the chemical state of
Pd and Cu species in these catalysts during the reaction
with different amounts of CI~, the technique of XANES
was employed. Figure 2 compares Pd K-edge XANES of

TABLE 3

Effect of the Amount of NaCl for the Carbon-Supported
Pd Catalyst System?

Oxidation products/mmol .
CO conversion

[NaClJ/[Pd] CFsCOOCH; HCOOH STY®x 10° (%)
0.00 — — — 16
0.50 0.21 0.41 34 27
1.00 0.25 0.42 37 40
350 0.27 057 47 44
5.00 0.50 0.60 6.1 50
7.50 0.48 0.70 6.6 54
10.0 0.58 0.79 76 57
15.0 0.69 0.62 73 63
100 0.29 0.24 2.9 68

350 Pd/C, 21.5 mg (Pd, 1.0 x 107> mol), Cu(CHs;COO); (5.0 x
1075 mol); H,0, 1 ml; CF3COOH, 3 ml; CH,, 300 psi; Ny, 100 psi; CO,
200 psi; Oy, 100 psi; 373 K; after 5 h.

b Same definition as described in Table 1.

carbon-supported Pd catalysts before and after the reaction
with those of some reference compounds, Pd foil, PdCly,
Pd(NO3),, PdO, and Pd(CH3COOQO),. The maximum ab-
sorption edge in each spectrum corresponds to the allowed
1s — 5p transition. Pd references show easily differentiated
shapes of their respective XANES. All catalysts except the
one with [NaCl]/[Pd] = 15 showed XANES shapes similar
to that of Pd metal. Only the catalyst containing the high
amount of NaCl showed XANES shape similar to that of
PdCl,.

In the case of Cu species, Fig. 3 compares Cu K-edge
XANES of catalysts after the reaction with different
amounts of NaCl with those of some reference compounds,

Pd(CH,COO),

PdO

A
Pd(NO;),
PdCl,
I\/ £d foil
T T T T T

Absorbance / a.u.

Absorbance / a.u.

24320 24340 24360 24380 24400 24420 24440

Energy / eV

FIG. 2.

24320 24340 24360 24380 24400 24420 24440

Energy/eV

Pd K-edge XANES of Pd references (A) and 5% Pd/C catalyst system (B) before (a) and after the reaction (b) in the absence of

Cu(CH3COO0); and after the reaction under different mole ratios of NaCl relative to Pd of 0 (c), 5 (d), and 15 (e) in the presence of Cu(CH3;COO),
([Cu)/[Pd] = 5); the solvent composition and reaction conditions were the same as those in Table 2.
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FIG.3. CuK-edge XANES of Cu references (A) and 5% Pd/C catalyst system (B) after the reaction under different mole ratios of NaCl relative
to Pd of 0 (a), 5 (b), 15 (c), and 100 (d) in the presence of Cu(CH3COO), ([Cu]/[Pd] =5); the solvent composition and reaction conditions were the

same as those in Table 2.

Cu foil, CuCl, CuCl;-2H;0, and Cu(CH3;COO),. As dis-
cussed elsewhere (26-31), the absorbance maximum is
assigned to the allowed 1s— 4p transition. Below the
maximum are subsidiary peaks and shoulders reflect-
ing transitions to empty orbitals according to the dipole
selection rule. A very weak peak below the edge at
8978 eV in CuCl;-2H,0 and Cu(CH3COO), represents
the quadruple-allowed 1s — 3d transition, which serves as
a signature of a Cu(ll) compound since there is no 3d
hole in Cu(0) or Cu(l) compounds. This very weak peak
is also found for catalysts after the reaction in the absence
of NaCl. However, this peak became weakened and disap-
peared as the amount of NaCl increased. Therefore, a ma-
jority of copper species present in catalysts without NaCl
seems to be Cu(Il) compounds. However, as the amount of
NaCl increased, Cu(ll) compounds were reduced to Cu(l)
compound as also observed in XRD results. The 1s — 4s
peak in Cu(ll) compounds appears at 8985 eV as a shoul-
der with greatly reduced intensity. The edge positions of
Cu references were determined to be 8979.0 eV, 8982.0 eV,
8985.7 eV, and 8984.7 eV for Cu foil, CuCl, CuCl, - 2H,0,
and Cu(CH3COO),, respectively, and reflected the shift to a
higher energy as the oxidation number was raised. The edge
positions of Cu samples were determined to be 8987.0 eV,
8981.8 eV, 8982.0 eV, and 8981.3 eV for four samples shown
in Fig. 3B-a—d, respectively. This shift in edge position also
showed the reduction of Cu(ll) compounds into Cu(l) com-
pounds as the amount of NaCl increased.

To obtain information about the structure around the Pd
atom, small oscillations above the absorption edge were
isolated to produce the EXAFS function x (k) and RSF for
Pd references and samples under different catalyst compo-

sitions. Major peaks in the RSF correspond to important
interatomic distances shifted from their true position by
a phase shift and their intensities are correlated with the
average coordination number of the atom at the distance.
Palladium references in Fig. 4 have different oscillations
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FIG. 4. Kk3-weighted EXAFS functions and their Fourier transforma-
tion about the Pd K-edge of Pd references. The imaginary parts are plotted
as dotted lines.
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in x (k) and different phase-uncorrected distance peaks in
RSF. In particular, the imaginary part of the Fourier trans-
form clearly characterizes the nature of palladium by com-
parison of its shape and the number of peaks. From these
results, it can be derived that peaks at 0.252 nm, 0.187 nm,
and 0.153 nm represent Pd-Pd, Pd-Cl, and Pd-O interac-
tions, respectively. Figure 5 shows the Pd K-edge EXAFS
spectra of samples before (Fig. 5a) and after (Fig. 5b) the
reaction in the absence of Cu(CH3;COO), and NacCl. In all
cases, only peak at 0.252 nm could be observed, indicating
that the metallic palladium was the dominant Pd species
during the reaction. The intensity of this peak, and thus the
coordination number of Pd-Pd, increased compared with
that of the fresh catalyst after the reaction. EXAFS fitting
results summarized in Table 4 showed that the coordination
number increased from 7.1 to 8.7. This is consistent with the
result observed in XRD patterns.

The effects of CI~ on the structure of palladium were
studied with EXAFS. Figure 6 shows the Pd K-edge EXAFS
spectra of samples with different amounts of NaCl at a fixed
amount of Cu(CH3;COO); (Cu/Pd =5). Compared with Pd
references, two peaks at 0.187 nm and 0.252 nm in Fig. 6 can
be assigned to Pd-CIl and Pd-Pd interactions, respectively.
In the absence of NaCl, the peak representing the Pd-Pd
interaction increased after the reaction (Fig. 6a) compared
with that of the fresh catalyst (Fig. 5a). Thus the coagulation
of Pd occurred under the reaction conditions. However, as

TABLE 4

Pd K-Edge EXAFS Curve-Fitting Results of Carbon-Supported
Pd Catalysts under Different Catalyst Compositions and Solvent
Compositions

Catalyst shown

in figures Shell N R (A) o2 (AY R-factor

Fig. 5a Pd 71 2737 0.0074 0.0018

Fig. 5b Pd 87 2739 0.0058 0.0026

Fig. 6a Pd 92 2740 0.0062 0.0023

Fig. 6b Pd 77 2740 0.0059 0.0020
cl 03 2360  —0.0032

Fig. 6¢ Pd 15 2747 0.0044 0.0052
cl 30 2323 0.0051

Fig. 10a Pd 40 2741 0.0049 0.0053
cl 0.9  2.350 0.0028

Fig. 10b Pd 11 2745 0.0023 0.0053
cl 11 2376 0.0030

Fig. 11a Pd 88 2735 0.0067 0.0019

Fig. 11b Pd 60 2737 0.0059 0.0054
cl 15 2315 0.0050

Fig. 13a cl 40 2302 0.0030 0.0055

Fig. 13b Pd 03 2730 0.0013 0.0013
cl 27 2346 0.0046

Note: R-factor gives a sum-of-squares measure of the fractional misfit,
SN {IRe()I? +Im()1%)

which is defined as R = .
SN | (ReFdatay )I? + 1M (Xgata; 12}
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the amount of NaCl increased, the peak at 0.252 nm be-
came weakened and a new peak at 0.187 nm representing
a Pd-ClI interaction appeared and became strengthened.
The addition of NaCl changes the structure of palladium.
At low concentrations of NaCl ([NaCl]/[Pd] =5), the effect
of chlorine is not clearly seen in x (k) and RSF (Fig. 6b).
However, for the sample containing a higher [NaCl]/[Pd]
ratio of 15 (Fig. 6¢), the oscillation in x (k) and peak shape
in RSF have a distinct difference compared with the sam-
ple without CI~. The x (k) spectrum of this sample is very
close to that of PdCl, in Fig. 4. The EXAFS fitting results
in Table 4 make clearer the influence of CI~. The coordi-
nation number of Pd-Pd increased from 7.1 to 9.2 after the
reaction in the absence of NaCl. However, the coordination
number of Pd-Cl appeared in the presence of NaCl and its
value increased as the amount of NaCl increased whereas
the coordination numbers of Pd-Pd decreased. Therefore,
increasing amounts of NaCl seem to cause the transition of
palladium from the metallic state into the ionic state coor-
dinated with CI~.

Effect of CuCl,

Compared with Cu(CH3COO), and NaCl, CuCl; is be-
lieved to have the combined effects of them. The yield of
CF3COOCHg;increased with the amount of CuCl, as shown
in Table 5. However, an excessive amount of CuCl; (in the
case of [Cu]/[Pd] =50) had an adverse effect on the yield
of CF;COOCH:;s.

XRD was conducted to observe the change in the bulk
structure of palladium and copper during the reaction with
different amounts of CuCl,. As shown in Fig. 7, the peak at
26 of 40° representing the Pd(111) plane became weakened
as the amount of CuCl; increased. In all cases, peaks rep-
resenting CuCl were observed by XRD as the only copper
phase.

XANES spectra were observed in order to obtain in-
formation on the chemical state of Pd and Cu species in

TABLE 5

Effect of Amount of CuCl, for the Carbon-Supported
Pd Catalyst System?

Oxidation products/mmol

[Cul/[Pd] CF;COOCH; HCOOH STY® x 10°
0.0 — — —
1.0 0.15 031 2.6
25 0.24 0.40 36
5.0 0.32 054 48
50.0 0.25 0.11 2.0

35% Pd/C, 21.5mg (Pd, 1.0 x 10~°mol), CuCl,as Cu precur-
sor; H,0, 1 ml; CF3COOH, 3 ml; CHy, 300 psi; N2, 100 psi; CO,
200 psi; O,, 100 psi; 353 K; after 5 h.

b Same definition as described in Table 1.
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FIG. 7. X-raydiffractogram of 5% Pd/C catalyst system with different
mole ratios of CuCl; relative to Pd of 2.5 (a), 5.0 (b), and 50 (c). The solvent
composition and reaction conditions were the same as those in Table 2.

these catalysts during the reaction with different amounts
of CuCl,. Figure 8 compares Pd K-edge XANES of carbon-
supported Pd catalysts before and after the reaction. Com-
pared with Pd references in Fig. 2A, the general shapes of
XANES of samples became similar to that of PdCI; as the
amount of CuCl; increased. To find out the difference in the
effect of CuCl, on the metallic palladium of different parti-
cle sizes, Pd/AC reduced at 673 K was prepared and charac-
terized before (Fig. 8c) and after the reaction (Fig. 8d). This
catalyst contains Pd of larger particle sizes compared with
the commercial Pd/C catalyst. Pd K-edge XANES spectra

Absorbance / a.u.
iy o o
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FIG.8. PdK-edge XANES of 5% Pd/C catalyst system with different
mole ratios of CuCl; relative to Pd of 2.5 (a) and 5.0 (b) and 5% Pd/AC
catalyst system reduced at 673 K before (c) and after the reaction (d) at a
fixed amount of CuCl, ([Cu]/[Pd] =5).
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FIG.9. CuK-edge XANES of 5% Pd/C catalyst system with different
mole ratios of CuCl, relative to Pd of 2.5 (a), 5.0 (b), and 50.0 (c) and 5%
Pd/AC catalyst system reduced at 673 K after the reaction (d) at a fixed
amount of CuCl, ([Cu)/[Pd] =5).

of Pd/AC before and after the reaction were also compared
in Fig. 8. Even in the presence of CuCl,, the general fea-
tures of the XANES spectrum for Pd/AC after the reaction
looked like those of Pd metal.

In the case of Cu species, Fig. 9 compares Cu K-edge
XANES of catalysts after the reaction with different
amounts of CuCl,. Cu K-edge XANES of catalysts after
the reaction with poorly dispersed palladium was also dis-
played. In all cases, the peak below the edge at 8978 eV
which served as a signature of a Cu(ll) compound was not
observed. Thus, it appears that Cu(ll) compounds were re-
duced to Cu(l) compounds as also shown by XRD results.
The edge positions of Cu samples were determined to be
between 8981.0 eV and 8982.0 eV for all samples. This shift
in edge position of copper also showed the reduction of
the Cu(Il) compound into a Cu(l) compound, which was
consistent with the XRD pattern.

The effects of the amount of CuCl, on the structure
of palladium were studied with EXAFS. Figure 10 shows
the Pd K-edge EXAFS spectra of samples with different
amounts of CuCl,. Similarly to Fig. 6, both Pd—-Cl and Pd-
Pd interactions were evident in x (k) and RSF, especially in
imaginary parts of the Fourier transform. As the amount of
CuCl; increased, the Pd—Pd peak decreased and the Pd-Cl
peak became strengthened. The quantitative results of EX-
AFS fitting are shown in Table 4. As the amount of CuCl,
per palladium increased from 2.5 to 5.0, the coordination
number of Pd-Cl increased from 0.9 to 1.1 while that of
Pd-Pd decreased from 4.0 to 1.1. Therefore, in agreement
with the effect of NaCl, increasing amounts of CuCl, seem
to cause the transition of palladium from the metallic state
into the ionic state coordinated with CI~.
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FIG.10. k3-weighted EXAFS functions and their Fourier transfor-
mation with the imaginary part about the Pd K-edge of 5% Pd/C catalyst
system after the reaction with different mole ratios of CuCl; relative to
Pd of 2.5 (a) and 5.0 (b). The EXAFS fitting results are plotted as dots.
The solvent composition and reaction conditions were the same as those
in Table 2.

The effects of CuCl;, on the structure of palladium for
the catalyst with the low Pd dispersion were studied with
EXAFS. Figure 11 shows the Pd K-edge EXAFS spectra of
Pd/AC before (Fig. 11a) and after the reaction (Fig. 11b) in
the presence of CuCl,. After the reaction, Pd—Cl interaction
appeared in RSF together with Pd-Pd coordination. The
coordination number of Pd-Pd in Table 4 decreased from
8.8 for fresh catalyst to 6.0 for the catalyst after the reaction
in the presence of CuCl,. In the latter case, the coordination
number of Pd-Cl was determined to be 1.5.
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FIG.11. k3-weighted EXAFS functions and their Fourier transforma-

tion with the imaginary part about the Pd K-edge of 5% Pd/AC reduced
at 673 K+ CuCl, ([Cu]/[Pd] =5.0) catalyst system before (a) and after the
reaction (b). The EXAFS fitting results are plotted as dots. The solvent
composition and reaction conditions were the same as those in Table 2.
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FIG. 12.
were the same as those in Table 2.

Solvent Composition

In this catalyst system, the solvent compositions have
been reported to play an important role (6). We also ob-
served that the maximum yield could be obtained in the
mixture of water and TFA in the volume ratio of 1: 3. When
water was used as the sole solvent, carbon monoxide was
oxidized a little but no methanol derivatives could be ob-
tained. Furthermore, neither CO conversion nor formation
of CF3COOCH; was obtained when TFA was used as the
sole solvent.

The effects of solvent composition on the structure of pal-
ladium were studied with XAFS techniques. In order to ob-
tain information on the chemical state of Pd and Cu species
in these catalysts after reactions with different solvent com-
positions, XANES spectra were obtained. Figure 12a com-
pares Pd K-edge XANES of carbon-supported Pd catalysts
after the reaction under different solvent compositions. In
all cases, the general shapes of XANES of samples after the
reaction appeared similar to that of PdCl..

In the case of Cu species, Fig. 12b compares Cu K-edge
XANES of catalysts after the reaction with different solvent
compositions. The peak below the edge at 8978 eV which
serves as a signature of a Cu(ll) compound was found af-
ter the reaction in water as the sole solvent. However, this
peak could not be found after the reaction in TFA as the
sole solvent. The edge positions of Cu samples were deter-
mined to be 8982.0 eV for the catalyst used in TFA. From
these results, it was confirmed that Cu(ll) compounds were
reduced to Cu(l) compound in TFA but that Cu(ll) com-
pounds were dominant in water.

The effects of solvent compositions on the structure
of palladium in the presence of CuCl, were studied with

Cu K-edge
b

’ﬁi
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Energy / eV

Absorbance / a.u.

Pd K-edge and Cu K-edge XANES of 5% Pd/C + CuCl; ([Cu]/[Pd] = 5.0) catalyst system in water (a) or TFA (b). The reaction conditions

EXAFS. Figure 13 shows the Pd K-edge EXAFS spectra of
samples in water-only and TFA-only solvent systems. The
x (k) and RSFs are both close to those of PdCl,, irrespective
of the solvent composition. However, the nonlinear fitting
with only Pd-Cl scattering was unsuccessful for the catalyst
used in TFA. Instead, the consideration of Pd—Pd coordina-
tion together with Pd—Cl interaction produced a good fitting
as shown in Table 4. The small Pd-Pd coordination number
of 0.3 indicates that the Pd-Cl interaction is dominant for
the TFA-only solvent system as well as for the water-only
solvent system.
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FIG. 13. k3-weighted EXAFS functions and their Fourier transfor-

mation with the imaginary part about the Pd K-edge of 5% Pd/C + CuCl,
([Cu)/[Pd] =5.0) catalyst system in water (a) or TFA (b). The EXAFS fit-
ting results are plotted as dots. The reaction conditions were the same as
those in Table 2.
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DISCUSSION

Characterization of a novel catalyst of the type Pd/C-Cu
was conducted with XRD and XAFS techniques. This cata-
lyst was found to be active in functionalization of methane
into a methanol derivative in the presence of CO and O,
in agreement with the previous report (6). Its activity was
also found to be strongly dependent on the nature of co-
catalyst, halide ion, and the solvent composition (6). In this
work, a systematic study or the reaction and catalyst charac-
terization was conducted to correlate effects of the above
variables on the catalytic activity with the structure and
electronic state of palladium and copper.

Sen and co-workers (6) reported that Cu and Fe salts
were effective promoters in the presence of CI~ and se-
lected Cu salts as better ones. They also screened halide
ions for Cu salts and concluded that CI~ was better than
Br~ or I~. From a separate screening test of promoters,
we also observed that yields of a methanol derivative de-
creased in the order of Cu(CH3COO); > Mn(CH3COO);
> Co(CH3COO0);, > Ce(CH3;COO0); > PbO, in the pres-
ence of NaCl. FeCl, appeared to be more effective than
Mn(CH3COO); + NaCl but much less effective than Cu(l)
or Cu(ll) salts. In the case of halide ion, the activity de-
creased in the order of NaCl > NaF > NaBr > Nal in the
presence of Cu(CH3;COO); as a copper source. Therefore,
the catalyst system of the type Pd—Cu-CIl was chosen as
the most active one and was characterized intensively.

In the homogeneous catalyst system, a synergistic effect
between Pd and Cu was confirmed by comparing run 3 with
run 1 and run 2 in Table 1. The existence of CI~ was also
proved to be essential for the high activity and the nature
of Cu compounds appeared to be important even in the
presence of ClI~.

Compared with the homogeneous noble metal catalyst
system, the heterogeneous catalyst system has potential ad-
vantages including catalyst recovery. Thus, the heteroge-
neous Pd/C with different amounts of Cu(ll) compounds
and CI~ and different solvent compositions were tested
for the reaction and their structures were characterized.
A linear relationship was obtained between yields of the
methanol derivative and the amount of NaCl for the fixed
amount of Cu(CH3;COO), or the amount of CuCl, with-
out added NaCl. This was not observed by Sen’s group (6)
because they used an excessive amount of NaCl or CuCl,
per palladium (>35) in all cases. This increasing activity ac-
companied the change in the nature of the palladium and
copper species. In the absence of NaCl, the coordination
number of Pd-Pd increased during the reaction even in the
presence of Cu(CH3COOQO),. In the case of Cu salts, the re-
duction of the Cu(ll) compound into Cu(l) did not occur
even in the presence of excess CO over O,. However, as the
amount of NaCl increased, the coordination number of Pd-
Pd decreased while that of Pd-ClI increased. Furthermore,

Cu(I1) was also reduced into Cu(l) species. These changes
in catalysts are in line with increasing yields of the methanol
derivative.

There have been a number of catalyst systems contain-
ing palladium and copper compounds that have synergistic
effects in various reactions. Fujiwara and co-workers (32—
35) reported that the Pd-Cu-catalyzed direct carboxyla-
tion of small alkanes such as methane, ethane, and propane
proceeded electrophilically to give the corresponding car-
boxylic acids. In this reaction, the combination of Pd(OAc),
and Cu(OAc), gave better yields than Pd(OAc), alone.
They characterized the Pd(OACc),—Cu(OAC),-K,S,0g—
CF3COOH system (35) and found that Pd(OCOCFs3), and
Cu(OCOCFj), could be generated in situ and then a Pd-
Cu(1:1) complex would be formed in which Pd was more
positive than that in Pd(OAc), alone. The Cu salt played
an important role in strengthening the electrophilicity of
Pd(OAc),. However, the presence of CI~ was not re-
quired in this system and other reaction characteristics were
quite different from those of the Pd/C-Cu system studied
here.

The redox pair such as Pd—Cu has been reported in
Wacker chemisty for the partial oxidation of ethylene and
complete oxidation of CO (16-31). The overall chemistry
of these oxidations in the catalytic system is believed to be
similar to that of the well-known Wacker processes in the
presence of a homogeneous PdCl,—CuCl; catalyst:

C,oHy4 (or CO) + PdCI, + H,O

— CH3CHO (or COy) + Pd(0) + 2HCI  [S1-1]
Pd(0) + 2CuCl, — PdCl, +2CuCl  [S1-2]
2CuCl + 2HCI 4 10, — 2CuCl, + H,0.  [S1-3]

Initially, PdCI; is reduced to Pd(0) by ethylene or carbon
monoxide, and then Pd(0) is reoxidized to PdCI, by CuCl..
CuClformedinreaction [2] is reoxidized to CuCl, by molec-
ular O,, which is also included in the feed gas stream. The
presence of water is essential to sustain this catalytic cycle
asshown above, and also was found experimentally to be so.
The presence of CI~ was also proved to be indispensable for
the stabilization of molecular palladium and copper species
to sustain this redox cycle (26). Differences in active cata-
lysts between the synthesis of the methanol derivative and
the partial oxidation lie in the chemical environments of
palladium and the oxidation states of Cu salts. Both Pd-Pd
and Pd-Cl interactions for the Pd side and a Cu(l) com-
pound such as CuCl appeared to be dominant phases in
active catalysts for the synthesis of the methanol deriva-
tive. However, only Pd(I1) species coordinated with CI~ and
Cu(Il) compounds such as CuCl,-2H,0 or Cu,CI(OH);
were found in the partial oxidation.
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Sen and co-workers (5, 6) observed the generation of
H,O, from CO and O, over 5% Pd/C in the acidified H,O
with HCI and also observed the similar oxidized products
of hydrocarbons directly from H,O; or from the CO-O,—
H,O system. Therefore, they proposed that the overall
transformation encompassed three catalytic steps as shown
below (6):

CO + HyO — CO; + H, [S2-1]
H, + O, — H,O, [82-2]
H,0, + RCH;3 — RCOOH + H,0.  [$2-3]

The first was water gas shift reaction involving the oxidation
of carbon monoxide to carbon dioxide with the simultane-
ous formation of dihydrogen [S2-1]. The second catalytic
step involved the combination of dihydrogen with dioxygen
to yield hydrogen peroxide [S2-2]. The final step involved
the metal-catalyzed oxidation of the alkane by hydrogen
peroxide [S2-3]. From the characterization of 5% Pd/C by
XRD and XAFS in this study, it was found that the agglom-
eration of the metallic palladium proceeded during the re-
action without a Cu compound and CI~. An efficient func-
tionalization of methane by Pd/C requires the presence of a
copper compound and CI~. Both Pd(II) species and Pd(0)
are present in the reaction system that gives high yields of
CF3COOCHs.

From previous reports in the literature and our
observations made here, the following reaction scheme
composed of two parallel reactions for the Pd/C-Cu sys-
tem could be proposed.

Reaction 1:
Pd(bulk) + 2CuCl; — PdCl;, + 2CuCl [S3-1]
2CuCl + 30, 4+ 2HCI — 2CuCl, 4+ H,0 [S3-2]
PdCl, + CO + H,0O — Pd(0) + CO, + 2HCI.  [S3-3]
Reaction 2:
CO +H;O —— CO, + Hy [S3-4]
[Pd()]
H, + O, — H,0, [S3-5]
[Pd(0)]

H,O, + CH4 + CFsCOOH —— CF;COOCH;3 + 2H,0.
[Pd(1D)]

[S3-6]

Reaction 1 is CO oxidation by Wacker chemistry. Ini-
tially, bulk metallic palladium over carbon was oxidized
into Pd(Il) species coordinated with ClI~ by the Cu(ll)
species where the presence of Cl~ was proved to be essential
[S3-1]. In the aqueous phase, the Wacker chemistry could
proceed, which resulted in the complete oxidation of car-
bon monoxide into carbon dioxide as depicted in [S1-1,

-2, and -3]. This side reaction consumes carbon monoxide
which should be utilized for the in situ generation of H,O,
as shown in reaction 2. This complete CO oxidation can be
accelerated by the presence of excessive amounts of CI~
and CuCl, because these stabilize the Pd(ll) species ac-
tive for the reaction. Reaction 2 is the main route for the
selective functionalization of methane. In the presence of
TFA, the functionalization of CH,4 by Pd(Il) species into
CF3;COOCHS; would be dominant as shown in [S3-6]. At
this stage, the presence of H,O; generated in situ over the
metallic palladium from CO-0O,-H,0 appeared to be es-
sential and its reaction scheme could be described as in
[S3-4 and 5]. This is also supported by the previous ob-
servation that CF;COOCHj3 could be obtained from CH,
and H,0, with Pd(OZCC2H5)2 in (CF3CO)QO (47) There
are two reaction schemes proposed for this stage [S3-6].
First, an electrophilic C-H activation over Pd(Il) produces
an organometallic intermediate CH3;-Pd(I1) which is sus-
ceptible to a nucleophilic attack by CF;COO™ followed by
the reductive elimination of CF3COOCHS; (47). Second,
Pd(Il) activates peroxyacid generated in situ from H,O,
and CF3COOH and leads to methane oxidation through a
cyclic transition state composed of peroxyacid and methane
(47). In both cases, the presence of H,O, seems to be es-
sential because these reactions did not proceed in the ab-
sence of CO or HO. In the case of an excessive amount
of Cu(CH3COO); and NaCl or CuCl,, CO was oxidized to
a greater extent, but the yield of CF3COOCHj; was much
less. This can be explained by the insufficient amount of
metallic palladium that could not generate enough in situ
H,0O, for the functionalization of CH, into CF;COOCHS3
[S3-6]. Therefore, in this reaction system, the copresence
of the metallic palladium and an ionized Pd(I1) species sta-
bilized by the presence of Cu salt and Cl~ appeared to be
essential for the overall reaction to proceed effectively as
shown above.

No methanol derivative was detected when either H,O
or CF;COOH was utilized as the sole solvent as reported
previously (6). In the absence of H,0O, the reaction scheme
[S3-4 and S3-5] which is essential for the generation of in situ
H,0O, cannot proceed. In the absence of CF3COOH, only
a small amount of CO was oxidized into CO,, which might
proceed as described in the reaction scheme from [S3-1]
to [S3-3] similarly to the Wacker process for CO oxida-
tion. The importance of CF3COOH can be explained as
follows. First, a methanol derivative (CF3COOCH;3) pro-
duced from CH, and CF3COOH can be stabilized by the
electron-withdrawing CF3COO group which will deactivate
CF3;COOCHj3 not only toward electrophilic attack but also
toward hydrogen atom abstraction. Second, CFsCOOH asa
strong acid enhances the electrophilicity of the metal center
because its conjugate base is a weak ligand. From EXAFS
analysis, the coordination number of Pd—Pd for catalysts in
either H,O or CF3COOH was found to be much smaller
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than that for the catalyst in the mixture of CF3COOH and
H,O. These structural data also indicate that the copres-
ence of the metallic palladium and an ionized Pd(I1) species
which are essential for this reaction cannot be properly
achieved in the absence of H,O or CF3sCOOH.

CONCLUSION

Carbon-supported Pd catalysts together with a copper
compound were active for the oxidation of methane to
a methanol derivative, CF3COOCHs3, in the presence of
CO and Os. In this reaction system, the nature of cocat-
alyst, the presence of CI—, and the solvent composition
changed the structure of palladium species and affected the
yield of CF3COOCH;s. In the presence of a copper com-
pound and CI~, the metallic palladium can be partly oxi-
dized into Pd(I1) species, which resulted in higher yields of
CF3COOCH;. For the active catalyst system, copper com-
pound appeared to be present as CuCl. Pd(11) species coor-
dinated with CI~ appeared to be essential for the selective
activation of methane and the metallic palladium for the
in situ generation of H,O, from CO, H,0, and O,.
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