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Abstract

Selective and efficient electrochemical carbonylation of MeOH to dimethyl carbonate (DMC) was investigated oveNA&TE(vapor-
grown-carbon-fiber) membrane anode by three-phase-boundary electrolysis at 298 K. One of the advantages of this method is that it supplie
higher P(CO) to the active site from the front side of the membrane anode and higher concentration of MeOH from the backside. The good
performance of the DMC formation was obtained, 40 TON h67% current efficiency, and 82% CO-selectivity under suitable conditions.
Electrocatalysis of the Pd@NVGCF anode was studied by cyclic voltammetry and stoichiometric reactions betwéén RdOH, and
CO. PdCp on VGCF was reduced to the ®dpecies with CO before the electrolysis and th@ Bukcies catalyzed direct electrochemical
carbonylation of MeOH to DMC. On the other hand, oxidized Pd species on VGCF were assumed to catalyze the direct electrochemical
carbonylation of MeOH to dimethyl oxalate (DMO).
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1. Introduction were severe. We have reported an electrochemical carbony-
lation method for DMC synthesis over a Pd(@raphite an-
Dimethy! carbonate (DMC) is one of the essential chem- 0de in the gas phase, as shown in Fig. 1a [9,10]. The assem-
icals in the current chemical industry because DMC is ex- Ply of the PdCj/graphite anode, the electrolyte membrane
pected to be a safe carbonylation reagent to substitute for the(H3PQu/H20 in silica wool), and the Pt-black/graphite cath-
strong toxic reagents phosgene and dimethyl sulfate for the0de was .attached at the center of the gas eIgctronS|s cell.
synthesis of carbamates, isocyanates, etc. [1]. A part of theA 98s mixture of MeOH and CO was supplied over the
DMC production, however, is manufactured by the phosgene @h0de at atmospheric pressure and 343 K. The electrochem-
method at present. Major production of DMC is manufac- @l carbonylation of MeOH with CO to DMC was carried
tured by the EniChem method [2,3] and the Ube method ©Ut by applying electrolysis voltages 1.5 V. However, the
[4] from MeOH and CO. The two industrial processes have perfor_m.ance for DMC formation was not ex_cv_allent, with a
the great advantage of no use of phosgene, compared Withselectlvny of 11% based on CO, a current efficiency of 14%,

the phosgene method, but have disadvantages such as seve?:é]d afturnoa/ebr ntuhmbeir (th) r? f r.h 'I\/laj(.)(; [?[rodu(]:ctsévovergth
conditions and multistep operations. Therefore, it has been 0Oz, formed by the electrochemical oxidation o wi

desired to develop a new reaction system for the one—stele\j(F)’ fand d(ljn?aethcl)xytrnetﬁan('e (IIDMMJ ?nd n;el\t/lhy(l)l;_(')rT(la\te
synthesis of DMC from MeOH and CO under mild condi- ( . ) formed by electrochemical oxidation of Me [11].
tions. Dimethyl oxalate (DMO) was not observed as one of the

Several attractive methods for the electrochemical car- carbonylation products of MeOH. We concluded that the in-

bonylation of MeOH to DMC have been reported [5-8]. The fe;:zglperrézrsnl]?enscﬁcg]n(I:Del\:lmﬁaft(i)énmsa)u?anvé%st;ﬁoltoc:toheoLO\tAr/w
productivities of DMC were low and the reaction conditions P P . . .
anode and the high concentration of®lin the electrolyte

membrane. In other word, increases in the concentrations of
* Corresponding author. CO and MeOH and a decrease in the concentration,@ H
E-mail address: yamanaka@o.cc.titech.ac.jp (I. Yamanaka). should strongly promote DMC formation [4,5].
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Fig. 2. Cell structure of three-phase-boundary electrolysis for DMC synthe-
sis.

collectors, the two PTFE gaskets A, the two PTFE gaskets B,
the PTFE spacer, and the flange joints (Fig. 2b).

The porous membrane anode (0.2 mm thick) was pre-
pared from electrocatalyst (50 mg) and PTFE powder
(16 mg, Daikin Co.) by the hot-press method [13]. The
electrocatalyst was prepared by the conventional impreg-
Fig. 1. Schematic diagrams of (a) gas-phase-electrolysis method and (b)nation method from Pd@i2HCI solution (1 mmolt1) and
three-phase-boundary electrolysis method for DMC formation. vapor-growing carbon fiber (VGCF, 30 gﬁl{’ Showa Denko
Co.). The VGCF (specific surface area 13 gnl) has

. - 1 _
We have proposed the new concept and the new cell struc-.hlgh electron conductivity (015& cm™) and good chem

. ical stability (highly crystallized graphite structure) [14].
doa 15 uiization of he thiee-phase boundary of te gas [erefore: the VGCF s expected the aditives for the gas-
hase (CO). the liquid phase (MeOH), and the solid hasedlffusmn electrodes for the fuel cell. The loading of Pd on
?anode) for (,:arbon?/lati(fn as shown in ’Fig 1b. The sorution the PACH/VGCF catalyst was 3'.5 g 79 VGCF. The porous

f MeOH and electrolv ' ithout 40 fi :[h ' be- membrane cathode (0.2 mm thick) was prepared by the same
ot e and electrolyte withou s the space be rocedure from VGCF (50 mg), PTFE (5 mg), and Pt-black
tween the porous membrane anode and cathode, and pur

CO introduced to the opposite side of the anode. It was 0 mg, Wako Chemical Co.).

. ) The porous membrane anode was sandwiched between
expected that the high partial pressure of CO (101 kPa), )
and the high concentration of MeOH (84molI-%) would the PTFE gaskets A and B, and the porous membrane cath

ode was also. The geometric areas of both electrodes were

bﬁ smgltaniousl_y fﬁpp“eddto thg t?]ctwel sﬂ;a at thihthr?e'i.S cnt. The anode and cathode units were attached on both
phase boundary In the anode and the selective SynthesiS OL;qqq of the PTFE spacer. This electrolysis cell unit and the

dimethyl carbonate (DMC) would be performed. current collectors were sandwiched with the glass cells by
flange joints with bolts and nuts (Fig. 2b).

Carbon’ Active site

2. Experimental 2.2. Electrolysis procedures

2.1. Structure of the three-phase-boundary electrolysis cell The solution of MeOH and electrolyte (LiCl, NaCiQ
R4NCIQq4, etc.) fills the space (2 ml) between the porous
Figs. 2a and 2b show diagrams of the structure of the membrane anode and cathode (Fig. 2a). A capillary salt
three-phase-boundary electrolysis cell for the DMC synthe- bridge was inserted into the electrolyte. The capillary salt
sis. The electrolysis cell was assembled from the poroushbridge was connected to the reference electrode (Ag|AgCl,
membrane anode and cathode, the glass cells, the currend.196 V vs NHE). A gas mixture of CO (0-101 kPa) and
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He was passed through the anode and pure He was passetively as

through the cathode. The total flow rates in the anode and

cathode compartments were 15 mlmtncontrolled by the
mass-flow controllers.

The electrochemical carbonylation was started by ap-
plying an anode potential with a potentiostat-galvanostat
(Hokuto HA-301) and a function generator (Hokuto HB-

104) at 298 K. The current and the charge-passed were mon

itored by the zero-shunt ammeter (Hokuto HM-104A) and
the coulomb meter (Hokuto HF-201).
Cyclic voltammetric studies for the anode were carried

CE(DMC)
2 x DMC formation rate(mol min~1) x 96485(C mol~1)
coulomb(C min—1)

x 100 (%)

CE(DMO)
2 x DMO formation rate(mol min~—1) x 96485(C mol~1)
B coulomb(C min—1)

(8)

x 100 (%). 9

out using the same electrochemical instruments. The scan

rate was 50 mV'st.

All reagents used in this work were special grade from
Wako Chem. Co. and Aldrich Co. without further pulifica-
tion.

2.3. Productsanalysis

Quantitative analysis of products in the liquid phase was
carried out by a capillary gas chromatograph (Shimazu GC-
14A with FID detector and PEG-20M capillary column)
with a microsyringe every 30 min. Quantitative analysis

of products in an gas phase was carried out by an on-line

gas chromatograph (Shimazu GC-8A with TCD detector,
Porapack-Q and AC columns) every 15 min.

The products in this work were DMC (dimethyl carbon-
ate), DMO (dimethyl oxalate), DMM (dimethoxymethane),
and MF (methyl formate) in the liquid phase and £6the

2.4. Soichiometric carbonylation of MeOH

The stoichiometric reaction between Pgd@B0 pmol)
and MeOH (30 ml), and/or CO (101 kPa) in the presence
of NaClO; (0.1 moll~1) was carried out in a conventional
round bottom flask. The reaction mixture was stirred with a
magnetic stir for 1 h at 298 K. The products were analyzed
by the GC-techniques mentioned above.

3. Resultsand discussion
3.1. Screening of electrocatalyst

In our previous gas cell system, the screening test of
various electrocatalysts (Pd-, Rh-, Ru-, Pt-, Ir-, Cu-, Ni-
compounds) for DMC synthesis have been done at 343 K,
and Pd and Cu elements were active for the electrochemi-
cal carbonylation of MeOH to DMC [9,10]. We examined

gas phase. The reaction equations for the each product werghe electrocatalysis of these elements for DMC synthesis by

estimated from the stoichiometric equations as

2CH3OH + CO — (CH30)2CO+ 2H" 4 2¢™, (1)
2CH3OH 4 2CO— CH30C(0)C(O)OCHs

+2HT + 27, (2)
3CH3OH — (CH30)2CHy + 2HT + 2¢™ + H20, (3)
2CH;OH — HC(O)OCHz 4 4H' + 4e™, (4)
CO+4 H0— COp 4 2H + 2¢™. (5)

a new three-phase-boundary electrolysis cell at 298 K. The
PdCh/VGCF anode was confirmed by the electrocatalysis
for the DMC formation but the CugiVGCF anode was
not in this work. We cannot answer the exact reason that
the CuCh/VGCF anode was not active for carbonylation by
the three-phase-boundary electrolysis, but the effect of the
reaction temperature may be important for the electrocataly-
sis of the CuCl/VGCF anode. The electrocatalytic activities
of some Pd species (Pd(acacPd(NG)2, Pd(AcO)», and
Pd®) supported on VGCF were examined but the forma-
tion rate, the CE, and the selectivity for the DMC formation

The product selectivities were calculated on the basis of CO Were not so different. These results suggested that the real

or MeOH. For example, the selectivities to DMC based on
CO (CO-sel) and MeOH (MeOH-sel) were defined, respec-
tively, as

DMC (mol) x 100

CO-sel= % 6
DMC + 2DMO + GO, (mol) 72 ()
2DM hx 1
MeOH-sel= € (mob x 100 (%).
2DMC + 2DMO + 3DMM + 2MF (mol) @

The current efficiencies (CE) for products, DMC, DMO
DMM, MF, and CQ were estimated from Egs. (1)—(5). For
example, the CE for DMC and DMO were defined, respec-

active Pd species are the same under the carbonylation con-
ditions. We focused our interest on the electrocatalysis of
the PAdC}/VGCF anode for DMC synthesis by three-phase-
boundary electrolysis.

3.2. Effects of electrolytes on the DMC synthesis

Fig. 3 shows the rough screening test of various elec-
trolytes (005 moll~1) dissolved in MeOH on the carbony-
lation over the PdGIVGCF anode (0.35 g Pd VGCF)
applying a constant electrolysis voltage of 3.5 V at 298 K.
The products dimethyl carbonate (DMC), dimethyl oxalate
(DMO), dimethoxymethane (DMM), methyl formate (MF),
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Fig. 3. Effects of various electrolytes on the electrochemical carbonylation Concentration of electrolyte / mol 1

of methanol over the Pd@VGCF anode.T = 298 K; electrolysis volt-

age= 3.5 V: anode, PdGI (0.35 Pd wt%)/VGCF: CO, 101 kPa: cathode, ][:ig. 4._Effectsdofbthehconcentratio?f‘ qf variousI electlrolytes :)n (;) the.DMC
Pt/graphite; He, 101 kPa. ormation and (b) the current efficiency. Electrolysis voltage.5 V;

T =298 K; anode, PdGI(0.35 Pd wt%)/VGCF; CO, 101 kPa; cathode,
) Pt/graphite; He, 101 kPa®) NaClQy, () NH4ClOy4, (A) EtgNCIO4, ()
and CQ were determined by gas chromatography and the HCIO,.

GC-mass spectroscopy. Other expected products, dimethyl
ether and formic acid, were not detected in either the liquid HCIO4 electrolyte, the current density was increased but the
phase or the gas phase. formation rates of (DMMt MF) and CQ considerably in-
Acid (HCIO,), base (NaOH), and neutral (ammonium creased. The unfavorable effect of the higher concentration
bromide, ammonium perch|0rate) e|ectro|ytes were used for of HCIO4 should be due to the increase in the concentration
the carbonylation. Good formation rates of DMC were ob- ©0f H20 contained HCIQ@ reagent.
served for HCIQ and neutral electrolytes but N\aOHwas not ~ As described above, NaCjQvas suitable for DMC syn-
suitable. In the case of neutral electrolytes, high current ef- thesis. Therefore, details of the effect of the concentration
ficiencies (CE) and low formation rates of (DMM MF) of NaCIO; on the carbonylation were studied, applying a
and CQ were observed. Among the neutral electrolytes, constant electrolysis voltage of 3.5 V in Fig. 5. The cur-
Et4NCIO4, NH4ClO4, and NaClQ were candidates for suit- ~ rent density increased with increasing the concentration of
able electrolytes for selective DMC synthesis. No significant NaClOs because the ohmic resistance of the electrolyte de-
advantage for DMC synthesis among the three neutral elec-creased. Therefore, the formation rates of DMC increased
trolytes and HCIQ was observed under the same concentra- With increasing in concentration of NaGlOcorresponding
tion of electrolytes (M5 moll-1). Therefore, influences of  to the current density. The higher formation rate of DMC
the concentration of electrolyte on the DMC synthesis were Was obtained at 0.5 mott, and the TON based on Pd for

studied. the DMC formation reached over 100h as well as that of
Fig. 4 shows the effects of the concentrations @N&2IO,;,  the Ube method [4]. _
NH4ClO4, NaClQy, and HCIQ, electrolytes on the forma- The formation rate of DMO, a carbonylation product of

tion rate of DMC (a) and the CE (b). The upper limits of MeOH, also increased with a similar tendency to DMC for-
solubility of each neutral electrolyte in MeOH were differ- mation. The formation rates of (DMM- MF) and CQ in-
ent, Q1 moll~1 for E4NCIO4, 0.32 for NHyClO4, and 0.54 creased at higher concentrations of Nag|®Dherefore, the
for NaClQOy. As described in Fig. 3, differences among the CO-sel and the MeOH-sel to DMC decreased at higher con-
four electrolytes were not clear for the DMC synthesis at the centration of NaCl@, though the formation rate of DMC
same electrolyte concentration of 0.05 mdlIAs you can  increased (Fig. 5¢). The suitable concentration of NaClO
see clearly in Fig. 4, the advantage of the Nagé®ctrolyte ~ was Q1 moll~* because the high CE(DMC) of 59% and the
became clear at higher concentrations. Higher formation high CO-sel of 66% to DMC were obtained.

rates of DMC and higher CE(DMC) were obtained with the

NaClO, electrolyte than with the ENCIO4, NH4ClO4, and 3.3. Effects of PdCI, loading

HCIO4 electrolytes. At higher concentrations of the HEIO

electrolyte, the formation rates of (DMM MF) especially Fig. 6 shows the effects of the Pddbading over the
increased. When a small amount of®lwas added to the VGCF anode on the carbonylation using an Nagkec-
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trolyte of 0.1 molt1, applying a constant electrolysis volt-
age of 3.5 V. The current density slightly increased with
increasing PdGl loading up to 0.7 Piwt%, but was al-
most constant above 0.7 Pdit%. The dependence of the
PdCh loading on the current density was weak. In contrast
to the current density, the formation rate of DMC strongly
depended on the Pdgbading. The formation rate of DMC
drastically increased with the PdQbading up to 0.7 PY
wt% but showed the upper limit for the DMC formation rate.
High CO-sel and MeOH-sel were obtained above 0.9 Pd
wt% (Fig. 6c¢). In contrast to the DMC formation, the for-
mation rate of DMO increased with decreasing RPdGad-
ing. On the other hand, the formation rates of LCand
DMM + MF were almost constant without dependence of
the PdC} loading. We can obviously observe changing elec-
trocatalysis of the Pd@IVGCF anode with changing CE in
Fig. 6b. The changing of DMC and DMO selectivities are
significant when the reaction mechanism of carbonylation
over the PAGI/VGCF anode is considered. A very high TON
(Pd) of 192 h! for the DMC formation was obtained at a
PdCb loading of 0.09 P8 wt%, though the formation rate
of DMO (56 TON h1) was fairly large.
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The most effective Pdglloading is around at 0.7 ©d
wt% because the highest formation rate, the highest CE of
67%, the highest CO-sel of 82%, and the highest MeOH-sel
of 88% for the DMC formation were obtained. The PgCI
loading of 0.7 PB wt% was chosen as the suitable loading
hereafter.

3.4. Optimum reaction conditions

Fig. 7 shows effects of the partial pressure of CO on the
carbonylation, applying a constant electrolysis voltage of
3.5 V. The current densities slightly increased wRCO)
in Fig. 7b. Of course, the formation rates of DMC and DMO
were zero atP(CO) = 0 kPa in Fig. 7a. The formation rate
of DMC smoothly increased with increasing(CO) and
seemed to reach the upper limit at high®iCO) > 50 kPa.
The CO-sel and the MeOH-sel increased wigliCO) in
Fig. 7c. Selective carbonylation of MeOH to DMC was per-
formed at higheP(CO). This dependence @f(CO) on the
DMC formation suggested that enough concentration of CO
supplied to the active site in the porous membrane anode
(PACL/VGCF) at P(CO) < 50 kPa, which would be one



I. Yamanaka et al. / Journal of Catalysis 221 (2004) 110-118 115

= 100 £ 100
2 80 MeOH-sel 2 sof MeOH-sel
B & 60
5 60 3 5
S 40 < a0l
4 ] CO-sel
=) 0
A
80 15
o 60
' N
= : 5 40
3 m
3 E °
= 20

0
120

100

80

60

40

20

Formation rate / umol em”h?
Carbonylation rate / umol em>h?

Formation rate / pmol cm2 h-!

1 1.5 2 2.5 3
Anode potential / V(vs Ag|AgCl)

Partial pressure of CO / kPa

Fig. 8. Effects of anode potential on (a) the DMC formation rate, (b) the
Fig. 7. Effects of partial pressure of CO on (a) the DMC formation current efficiency, and (c) the DMC selectivity. = 298 K; anode, PdGlI
rate, (b) the current efficiency, and (c) the DMC selectivity. Electrolysis (0.7 Pd wt%)/VGCF; CO, 101 kPa; cathode, Pt/graphite; He, 101 kPa;
voltage= 3.5 V; T = 298 K; anode, PdGI(0.7 Pd wt%)/VGCF; cathode, electrolyte, NaCIQ (0.1 mollfl)/CHgoH. (@) DMC, (m) DMO, (O)
Pt/graphite; He, 101 kPa; electrolyte, NaGI®.1 molI~1)/CH3OH. (@) DMM + MF, () COy, (A) DMC selectivity (CO), &) DMC selectivity
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3.5. Electrocatalysis of the PdCl,/VGCF anode

To obtained information for the electrocatalysis of the
Cb/VGCEF for the carbonylation, the effects of anode po-
tentials were studied, as shown in Fig. 8. A capillary salt
bridge was connected to the cell to control the anode po-

of the advantages of the three-phase boundary electrolysiﬁD d
method.
On the other hand, the formation rate of DMO decreased

W|th't|n?[re?hS|?gf;(ga)c> _?g kI;a. Th'ds dep;n(gaonce W?E 9P~ tential. The carbonylation of MeOH over the PAIGCF
posite fo that o - The dependence B(CO) on the anode was carried out under potentiostatic conditions (vs

formation rate of DMO was strange because two molecule Ag|AgCl). The anode potential when the standard electrol-

of CO were necessary for 'the formation of DMO [Eq. (2)] ysis voltage of 3.5 VV was applied wasL.80 V (Ag|AgC))
but one for the DMC formation [Eq. (1)]. Therefore, stronger using an NaCl@ electrolyte (01 molI-1).

enhancement o (CO) on the formation rate of DMO was The current densities increased exponentially with in-
expected. However, the dependenc@¢CO) on the forma-  ¢reasing anode potentials abow.0 V. The formation rate
tion rate of DMO was negative. In addition, the formation of pmcC increased with a sigmoid curve for the anode poten-
rate of DMO might change discontinuously betwe®{€O) tials and reached an upper limit at aroupL6 V. In contrast

of 20 and 0 kPa. On the other hand, the formation rate of to the DMC formation, the formation rate of DMO accel-
(DMM + MF) was constant without dependence®CO). erated abover1.8 V. The carbonylation rate, the reaction
The maximum formation rate of (DMM-MF) was obtained  rate of CO insertion to MeOH, which was estimated from
at P(CO)= 0 kPa with 33% CE. This fact suggested thatthe the sum of the DMC formation rate and twice the DMO
partial oxidation of MeOH was inhibited by the presence of formation rate, increased exponentially with increasing in
CO. These experimental results suggested that the catalysithe anode potential. The CE(DMC) showed the maximum
of the PdC}/VGCF anode and the activation mode of MeOH at +1.8 V and the CE(DMO) increased abowel.8 V. In
drastically changed with and without the presence of CO. addition, the formation rates of G@nd (DMM+ MF) also
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increased above-1.8 V, which corresponded to changing
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This P& species diffuse to the bulk solution. Therefore,
the Ox(2) peak and the Red(2) peak become asymmetric. To
obtain information for the redox couple of Ox{Red(1),

the sweep was reduced from0.5 to +0.7 V, CV(c). No
oxidation and reduction current was observed. This observa-
tion suggested that the Ox(Red(1) couple was correlated

to the oxidation current in the Ox(2). The Ox{Red(1)
couple may correspond to the reduction of Hroduced at

Eg. (10) to H(a) and the oxidation of H(a) to"tithowever,

this might not be relevant to the carbonylation because the
potential might be too low. In conclusion, the CV of Pd-
wire was measured in CO, CV(d). A large oxidation peak
at +1.2 V (Ox(4)) was observed. The large oxidation cur-
rent abovet1.4 V should be due to the oxidation of MeOH,
as observed in the CV(a). No reduction peaks correspond-
ing to the Red(2) in the CV(a) and the redox couple of
Ox(1)/Red(1) at low potential (CV(a)) were observed. The
Ox(4) peak should correspond to the oxidation of CO or
the oxidative insertion of CO to MeOH. The absence of a
reduction peak in the CV(d) corresponding to the Red(2)
suggested that Pd-wire did not oxidize t#Pdpecies above
+1.0 Vin CO. The reduction state of Pd was stable in CO.
In addition, the absence of a reduction peak in CV(d) cor-
responding to the Red(1) in the CV(a) should be due to the

the MeOH-sel and the CO-sel as shown in Fig. 8c. These inhibition of the H" adsorption by the strong adsorption of
observations strongly suggest a change of the electrocataly-CO over Pd. These results suggested that the electrochemi-

sis of the PAGI/VGCF anode above-1.8 V.
To obtain more information for the electrochemical prop-

cal carbonylation was catalyzed by%species.
However, the active PdeVGCF anode was prepared

erties of the anode, cyclic voltammogram measurementsfrom the PdC}/2HCI solution and VGCF by the conven-

(CV) of the PAC4/VGCEF electrode were attempted, but sig-
nificant CV spectra could not be obtained. Therefore, CV
spectra of Pd-wire (d¢ x 10 mm) were measured un-
der very similar conditions for the carbonylations (NaglO
(0.1 molI~1)/MeOH), as shown in Fig. 9. The CV(a) spec-
tra show redox properties of the Pd-wire swept with a wide
window from—1.0 to+1.5 V in He. A few oxidation peaks,
the Ox(1) at+0.1 V and the Ox(2) a#0.85 V, and reduction
peaks, the Red(1) at0.2 V and the Red(2) at0.5 V, were

tional impregnation method without reduction treatment.
The oxidation state of Pd species over the VGCF should
be Pd* after the preparation of the PGOVGCF electrode.
P& or P&*: which oxidation state is active for the DMC
synthesis? On the basis of previous work [15], th&'Réd
redox would catalyze the electrochemical carbonylation of
MeOH. If P was active species for the carbonylation
in this reaction system, the stoichiometric carbonylation of
MeOH with CO by Pd* (oxidant) was expected. In this

observed. A large oxidation current was observed abovecase, the electrochemical potential is for the oxidation 8f Pd

+1.3 V. This large oxidation current should be electrochem-
ical oxidation of MeOH to DMM and MF. The Ox(1) and

the Red(1) peaks seem to be the redox couple. The broad

oxidation peak of the Ox(2) and the small reduction peak of
the Red(2) may be the redox couple but most of the oxida-
tion current in the broad Ox(2) peak was for the irreversible
reaction. In the CV(b), we observed the redox couple of
Pt /Pd, Ox(3)/Red(3), in the PAGI- 2HCI/MeOH solu-
tion over the glassy carbon electrode. The redox potential
of Pt /Pd estimated roughly from the CV(b) was not so
far from that of Ox(2)Red(2) in the CV(a). The broad ir-
reversible oxidation current in the Ox(2) should be for the
oxidation of Pd-wire to P species. Piimay be electro-
chemically oxidized with MeOH and form PH(MeO ),
species and H,

P& + xMeOH— P&+ (MeO ), + xH™. (10)

to P&, If P was active species for the carbonylation, the
direct electrochemical carbonylation would proceed. There-
ore, the stoichiometric reactions between MeOH, C@DH
and Pd™ is studied in Table 1.

Table 1 shows the stoichiometric reaction betweefiPd
and MeOH, and/or CO in the presence of NagtDd298 K.
Entry 1 shows the stoichiometric reaction between BdCI
MeOH, and CO. This reaction conditions were very near to
the electrochemical carbonylation conditions, except for ap-
plying the electrochemical potential. As you can see clearly,
no formation of DMC was observed but Gvas formed
with this high yield of 88% based on P In entry 2, the ox-
idation of MeOH by P&t was carried out but no oxidation
of MeOH, no formation of DMM and MF, was observed. On
the other hand, the stoichiometric oxidation of CO to CO
with HoO by P& (99% yield) proceeded in entry 3.
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Table 1
Stoichiometric reaction between #t, MeOH, and CO
Entry Amount of products (umol)

DMC DMO DMM MF CO2

1 PdCh + CO+ CH3OH 0 0 trace 0 28
2 PdCh + He+ CH3OH 0 0 0 0 0
3 PdCh + CO+ H,0 0 0 0 0 297
4 PdCB/AC + CO-+ CH3OH 0 0 trace 2 0
T =298 K; reaction time=1 h; CO, 101 kPa; lPdCly; 30 pmol, MeOH, 30 ml.

Ist

PACL/VGCF 2nd

3rd

Ist
PdCL/AC
+ 2nd
VGCF

3rd

4
1 1 1 1

0 20 40 60 80 100 O 20 40 60 80
Formation rate / pmol cm” h'' CE/%

Fig. 10. Stabilities of the PdgIVGCF and the [PdGVAC + VGCF] anodes
for the carbonylation of MeOH. Electrolysis voltage3.5 V; T = 298 K;
anode, PdGlI (0.7 Pd wt%)/VGCF; CO, 101 kPa; cathode, Pt/graphite; He,
101 kPa; electrolyte, NaCl(0.1 mol I=1)/CH3OH.

To develop the stable anode, Pd@las supported on the
active carbon (AC, Wako Co.) by the conventional impregna-
tion method because the AC has a very high specific surface
area (900 rig~1) and good adsorption ability. The new an-
ode was prepared from PAZAC powder (5 wt%, 20 mg),
VGCF (50 mg), and PTFE (16 mg) by the hot-press method.
The formation rate of DMC over the (PAZAC + VGCF)
anode in the first run was lower than that of the BAOGCF
anode. However, the formation rates of DMC in the second
and third runs were as high as that in the first run for the
(PACBL/AC + VGCF) anode. The CE(DMC) were also con-
stant though that of 40% was slightly low. In addition, no
black deposition was observed on the bottom of the cell.
These facts proposed that the (PIBC + VGCF) anode
was stable for the carbonylation of MeOH to DMC.

To obtain information on the active form of Pd species on
the PACH/AC + VGCF anode, XRD spectra were measured.
XRD patterns at 2 = 40° and 46 were observed for the
PdCb/AC electrocatalyst, which was assigned td°@d 1)

These experimental results suggest that the carbonylationand P8(200) by the JCPDS data. This result suggested that

of MeOH with CO to DMC by P&+ did not proceed but the
oxidation of CO to CQ proceeded through

P#t + CO+ Hy0 — PP + CO, + 2HT.

Therefore, P8 species on the PdgVGCF anode should
be reduced to Pdwith CO before the electrolysis [Eq. (11)].
This model correspond to the observation of the CV(d) in
Fig. 9, no reduction peak of Pt in CO. P® species on

(11)

VGCF would be active species for the electrochemical car-

bonylation of MeOH to DMC. The exact expression of the
PdCL/VGCF anode is the P&VGCF anode.

3.6. Development of stable anode

Fig. 10 shows the stabilities of the P@GIGCF (Pd/

PdCh was reduced to Pdduring the preparation procedure
of the electrocatalyst. For the stoichiometric reaction be-
tween PdCGI/AC, CO, and MeOH at Entry 4 in Table 1, no
formation of CQ was observed, which suggested the ab-
sence of P&t on the PAGI/AC. On the other hand, no XRD
patterns were assigned to Pon the PdGI/VGCF anode.
These results suggested that the AC support stabilized the
state of P8 more than the VGCF support.

3.7. Reaction scheme

A model of the reaction scheme in this reaction system
is shown in Fig. 11. The three-phase boundary of the gas
phase (CO), the liquid phase (MeOH), and the solid phase
(Pd/VGCF anode) was significant for the effective and se-
lective carbonylation of MeOH. A high partial pressure of

VGCF) anode for carbonylation. The same anode was usedCO from the front side of the membrane anode and a high
repeatedly three times for the carbonylation. The electrolyte concentration of MeOH from the backside were simultane-
solutions and the cathode were changed to new ones at eacbusly supplied to the active site in the anode (Figs. 1, 11(1)).
experiment. The yields of DMC decreased with run numbers PdCh species on the anodes (PA@IGCF and PAGI/AC +

of the experiments. The current efficiencies also decreasedVGCF) reduced to Pspecies with a high partial pres-
with experimental numbers. A small amount of black pow- sure of CO (Fig. 11(2)). The electrochemical carbonyla-
der deposition was observed on the bottom of the cell after tion of MeOH with CO proceeded on Rgupported VGCF
the electrolysis. These facts suggested that tifespdcies and AC. This reaction is direct electrochemical carbony-
on VGCF should be oxidized and desorbed into the elec- lation, not indirect electrochemical carbonylation through
trolyte bulk phase during the electrolysis. the Wacker-type redox reaction of P¢Pd’, because stoi-
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(5) (6) (7N

Fig. 11. A reaction scheme for the carbonylation of MeOH by three-phase-boundary electrolysis.

chiometric DMC formation between Pt, MeOH, and CO ditions was performed by the three-phase-boundary electrol-
did not proceed in this reaction conditions (Table 1). On ysis with neutral electrolyte containing less water (maxima
the basis of previous reports [9,10] and the carbonylation values: TON(Pd) of 192!, CO-sel of 82%, MeOH-sel of
chemistry [1-4], a model of the reaction mechanism for the 88%). This performance for the DMC formation was drasti-
carbonylation of MeOH could be speculated in Fig. 11(3-6), cally improved to compare with our previous results [9,10].
(3) formation of the methoxy group on Pd (Pd(l) (MepD Pd® species on VGCF catalyzed the direct electrochemical
(CO)), (4) insertion of CO into the methoxy group on Pd, carbonylation of MeOH to DMC and oxidized Pd species,
(5) and (6) insertion of the methoxy group into the methoxy maybe P&", was proposed to catalyze the direct electro-
carbonyl group on Pd, and (7) desorption of DMC from Pd. chemical formation of DMO. These results proposed that the
On the other hand, the formation rate of DMO and the possibility of electrochemical control of the carbonylation
CE(DMO) increased at lower Pd€loading in Fig. 6, at selectivities to DMC and DMO. The principle of the three-
lower P(CO)in Fig. 7, and at higher anode potential in Fig. 8. phase-boundary electrolysis method could apply to other
These conditions may be favorable for the formation of oxi- electrosynthesis [18].
dized Pd species (Bd). In addition, no formation of DMO
was observed through the stoichiometric reaction between
MeOH, CO, and P#" (Table 1). Therefore, oxidized Pd  References
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