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Abstract: Transmission infrared spectroscopy and temperature programmed desorption have been used to investigate
the chemistry of Chl adsorbed on silica-supported copper nanoparticles. The following three factors affect the
chemistry of CHI on Cu/SiQ: (i) the oxidation state of the copper, (ii) the hydroxyl group coverage on the silica
support, and (iii) the surface roughness of the copper particles. These three factors can be controlled by sample
preparation. On reduced-Cu/Si€amples, €1 bond dissociation in adsorbed methyl iodide results in the formation

of adsorbed methyl groups on the copper surface. The frequency of the symmetric stretch of adsorbed methyl groups
is at 2913 cm? for copper nanoparticles with atomically smooth surface morphology and at 2924fantopper
nanoparticles with atomically rough surface morphology. In addition to methyl groups adsorbed on the copper
nanoparticles, for reduced Cu/Si®amples with StOH groups present in close proximity to the copper particles,
methyl groups can spill over on to the silica support and react with OH groups to form QiOte silica hydroxyl
coverage also plays a role in methyl reactions on the copper particles as hydroxyl groups provide a source of hydrogen
atoms. Methane and ethane are the predominant reaction products for reduced €atgi@s with high hydroxyl

group coverage whereas methane, ethane, and ethylene form on samples with low silica hydroxyl group coverage.
The copper particle morphology may also play a role in the chemistry of adsorbed methyl groups as there is some
evidence for slower methyl reaction kinetics on the copper nanoparticles with rough surface morphotey. C
bond dissociation in adsorbed methyl iodide occurs on oxidized-copper nanopatrticles as well. The infrared spectrum
taken after adsorption of GHon oxidized-Cu/SiQis consistent with the presence of adsorbed methoxy groups and
bidentate formate on the oxidized-copper particles. The chemistry of methyl groups on oxidized-copper particles is
similar to that of methanol on oxidized-copper particles. Finally, the use and complexities of characterizing these
samples and copper catalysts in general with CO adsorption in conjunction with infrared spectroscopy are discussed.

Introduction details of the adsorption and decomposition of methanol on
model copper catalysts in an attempt to characterize the surface
reaction mechanisms which form methanol from CO and
H,.13-15 Other studies have examined the adsorption of alkyl
ragments on single crystal copper surfaces in order to gain
sight into FischerTropsch processes and other catalyzed
coupling reaction$®-18
As is evident in the literature, the results obtained on high
rface area copper catalysts vary greatly depending upon
sample preparation methods and processing conditfoRsIn
this study, we will show that the chemistry of Cu/Si€xhibits
both similarities and differences compared to single crystal
copper surfaces and that sample preparation plays an important
role in the surface chemistry of Cu/SiOThe following three
* Author to whom correspondence should be addressed. factors affect the chemistry of the simplest Bydrocarbon

® Abstract published ifhdvance ACS Abstractdanuary 1, 1997. fragment, methyl, on Cu/Sikxsamples: (i) the oxidation state
(1) Stevenson, S. A.; Dumesic, J. A.; Baker, R. T. K.; Ruckenstein, E.,
Eds.Metal-Support Interactions in Catalysis, Sintering and Redispersion (13) Clarke, D. B.; Lee, D.-K.; Sandoval, M. J.; Bell, A. TJ. Catal.

The chemistry of composite systems can be quite complex
and often it is not easy to delineate the factors that affect the
chemistry of these systems. Oxide-supported metal catalysts,
are such systems that are not easily understood because bot
the oxide support and the metal particles can be involved in
the chemistry:™# In this study, the surface chemistry of copper
nanoparticles supported on silica has been examined. Becausgu
copper catalysts are the basis for several modern industrial
processes, there is a great deal of interest in them. Methanol
synthesis and hydrocarbon coupling reactions are two important
examples of copper catalyzed processes which are still not fully
understood~12 Several studies have been reported on the
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of the copper, (ii) the hydroxyl group coverage on the silica Experimental Section
support, and (iii) the surface roughness of the copper patrticles.
Methyl iodide is used as the precursor for the formation of
adsorbed methyl groups in this study. In general, it has been
preV|c_)ust shown that adsorbed alkyl groups Can_be prOducedfluoride windows and a sample holder through which thermocouple
on S,'r,‘gle crystal metal surfaces under uItrahlgh .vacu.um and power feedthroughs are connected to a tungsten sample grid. The
conditiong?~2* through the thermal or photochemical dissocia- emperature is monitored by spot welding thermocouple wires to the
tion of an alkyl halide precursor (eq 1). top of the sample grid. The sample holder design is such that the
sample may be cooled to near liquid nitrogen temperatures and heated
RX(a)— R(a)+ X(a) (X=Cl, Br,orl) Q) resistively up to 1300 K. The cell is attached to an all stainless steel
vacuum chamber through a 2-ft bellows hose. The vacuum system is
In the past ten years, studies of the surface chemistry of these’©ugh pumped using a turbomolecular pump and then pumped with an
fragments have led to a better understanding of how alkyl 80 L/s ion pump.
fragments bond and react on clean single crystal metal sur- Samples are made by spraying a slurry of copper(ll) nitrate trihydrate
faces? As there is great interest in the selective partial (Stém Chemicals, 99.999%) and silica (Cabosil, M-5, 20tigin
oxidation of alkyl groups through reaction with adsorbed oxygen suspended in acetone and water onto a tungsten grid ('Buckbe(_e-Mears).
on metal surface®¥ 2 there have also been several recent \ eMPlate is used to mask one half of the tungsten grid, allowing one
. . side to be coated with Cu/SjOand the other side is either left blank
studies on the reactions of alkyl groups and adsorbed oxygen.

. 2 2~ (for detecting gas-phase species) or coated with pure silica (to monitor
Bol and Friend have shown that both ethyl and 2-propyl iodide the reactions of the silica support without the presence of the metal

can react with an oxygen covered rhodium surface to selectively particles). Metal loadings on the order of 15% by weight are typically
afford oxygenated hydrocarbon fragmetftsAmong the several used in these experiments. The copper surface area is approximately
products reported, acetaldehyde from ethyl iodide and acetone13% of the total catalyst surface area.
from 2-propyl iodide were formed when reacted with surface  after the sample is prepared, it is mounted inside of the infrared
oxygen. Bol and Frierdd and separately Solymosi and co- cell, wrapped in heating tape, and processed using one of three methods.
worker€® have investigated the partial oxidation of £gtoups, The three different processing procedures will be denoted as reduced-
formed from the dissociative adsorption of diiodomethane to Cu/SiGy(473 K), reduced-Cu/Sig673 K), and oxidized-Cu/SiD
produce formaldehyde on an oxygen covered Rh(111) surface.throughout the manuscript. The reduced-Cuffi@3 K) and reduced-
Zhou et al. have also reported the oxidation of adsorbed CU/SIQ(673 K) are samples that have been reduced under different
methylene to produce formaldehyde on a Pt(111) crystal using conditions. The processing_for all three samples begins with a 12 h,
chloroiodomethane as a methylene precuf8oDespite the 473 Kbakeout. The copperis then reduced with hydrogen. Hydrogen
large number of studies concerning alkyl fragment adsorption (Air Products, R‘.eseamh Grad'e) is introduced into th? sample C.e” n
on single crystal metals, and the vast literature on hydrocarbon400'T°" quantities for 15 min followed by & 15-min evacuation.

. ! Hydrogen is introduced for increasingly longer periods of time (30,
adsorption on supported metal catalysts, there have been ver

. ) ; %0, and then 120 min), and each reduction period is followed by a
few which have examined the adsorption of alkyl fragments on ;5 min evacuation. Following this initial reduction, the samples are

The IR experiments described here were performed in an infrared
cell which has been described previou®y¢ The cell consists of a
2.75-in. stainless steel cube with two differentially pumped barium

supported metal Catalys"té:?(*:‘“‘ . . then oxidized in 100 Torr of oxygen for 10 min followed by evacuation
In this study, the adsorption and reaction chemistry of methyl and a 30-min reduction in hydrogen. This oxidation/reduction cycle
groups, from methyl iodide dissociation, on Cu/gi€amples is repeated if necessary to remove residual organics. Nothing further

have been investigated with transmission infrared spectroscopyis done for thq reduced-Cu/Si@73 K) sample but preparation of the
in conjunction with temperature programmed desorption (TPD). reduced-Cu/Sigl673 K) sample continues from this point. The
As discussed above, reaction of methyl fragments from methyl reduced-Cu/Sigt673 K) sample is then resistively heated to 673 K in
iodide dissociation on Cu/SiOs dependent upon the sample the_ presence of 400 Torr of hydrogen for periods of 12 h or _Ionger
preparation conditions employed. Although Cu/Sitalysts until the IR frequency of adsorbed CO is near 2100 tnPreparation

e . : of oxidized-Cu/SiQ@ samples follow the exact same procedure as for
Ea:/}? tﬁeefn known tof ?ﬁ dllglcilt to Shargcteélz?, v(;/e V\g" duf:eo the reduced-Cu/Sig473 K) samples; however, after the last reduction
02 the ecoreq(-:tjren;?ltigle Sirfacae zﬂrdp tll(ﬁ)g ?ondugtsafosl’%eg from the sample is then oxidized in 5 Torr of oxygen at 473 K for 120 min.
co adsor[‘))t‘ijon t% deduce the surface morpphology and oxidation After processing, the IR cell is placed on a linear translator inside

; e spectrometer sample compartment. Either the Cu/8i@e Si

state of the copper particles. TEM measurements are also usec?; b P P ' 4 '

. . . . ) ) r blank) can be translated into the infrared beam for data acquisition.
to determine particle size. The information obtained from the ;g design enables us to examine the chemistry of both C/Si6

Sample Chal’aCterlzatlon W|” be used to a.|d |n the |nterpretat|0n S|()2 (Or gas_phase Species) during the course of a particu|ar experiment.
of the subsequent reactivity of Cu/Si€amples prepared under A Mattson RS-1 FT-IR spectrometer equipped with a narrow-band MCT
different conditions. detector was used for the infrared measurements. Spectra were recorded
by averaging 1000 scans at an instrument resolution of 4'.cm
Absorbance spectra shown represent single beam spectra referenced

(22) Zhou, X.-L.; Zhu, X.-Y.; White, J. MAcc. Chem. Red99Q 23,

327. h . [
(23) Zaera, FAcc. Chem. Red992 25, 260. to the appropriate single beam spectrum of the C/8i&i0, sample
(24) Lin, J.-L.; Bent, B. EJ. Vac. Sci. Technol. A992 10, 2202. prior to reaction. The transmission range of Sigbes down to
(25) Bent, B. E.Chem. Re. 1996 96, 1361. approximately 1300 cr.

(26) Bol, C. W. J.; Friend, C. MJ. Phys. Chem1995 99, 11930.

(27) Bol. C. W. J. Friend, C. MJ. Am. Chem. Sod995 117, 8053 TPD experiments were performed in a high vacuum chamber which

(28) Solymosi, F.; Klivenyi, GJ. Phys. Chem1995 99, 8950. consists of a 400 L/s ion pump, sample cell, and quadrupole mass
(29) Zhou, X.-L.; Liu, Z.-M.; Kiss, J.; Sloan, D. W.; White, J. M. spectrometer (DetecTorr I, UTI Instruments). The temperature was
Am. Chem. Sod 995 117, 3565. ramped by interfacing a programmable power supply to a PC. A
(30) Rasko, J.; Bontovics, J.; Solymosi, F.Catal. 1993 143 138. heating rate of 1 K/s was used. A maximum of twelve different masses
83 ,\R/I";SGk:é Jk'.SCO.I'yg?izls's%nCl?/lt.allf)%?%?alsssiaarrﬂl. B, Catal. 1996 were monitored simultaneously. The TPD data have been corrected
159, 69. McGeé, K. C Driesseﬁ, M. D’.; Grassiaﬁ, V. H Catal. 1996 for fragmentation of other species using the cracking fragmentation
162 151.
(33) McGee, K. C.; Driessen, M. D.; Grassian, V. H.Catal. 1995 (35) Basu, P.; Ballinger, T. H.; Yates, J. T., Bev. Sci. Instrum1988
157, 730. 59, 1321.

(34) Driessen, M. D.; Grassian, V. H. Phys. Cheml1995 99, 16519. (36) Fan, J.; Yates, J. T., It. Phys. Cheml1994 98, 10621.
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Figure 1. A compilation of the wide range of values reported in the Wavenumbers

literature for the frequency and assignment of CO adsorbed on various
copper surfaces that differ in surface morphology and oxidation state.
There is significant overlap in the frequency range for CO adsorbed
on reduced and oxidized copper making it difficult to use the frequency
of the CO absorption band as the only measure of the oxidation state
of the copper surface atoms. See text for further discussion.

Figure 2. The infrared spectra of CO adsorbed on (a) reduced-Cu/
SiOx(673 K), (b) reduced-Cu/Si473 K), and (c) oxidized-Cu/SiO

in the presence of an equilibrium pressure of CO (7.8 Torr). Gas-phase
contributions have been subtracted from the spectra shown above.

well agreed upon that IR bands betwee?065 and 2110 cmi
patterns given in ref 37. After introduction of high pressures (ap- are indicative of CO adsorb_ed on reduced copper
proximately 15 Torr) of CHl in the sample cell, the cell was pumped ~ Particles?® 424647 However, the region between 2110 and 2200
with a turbomolecular pump fa2 h before opening the valve to the €M is not as clearly defined. In some cases, bands in the
mass spectrometer chamber and acquiring TPD data. 2115-2130 cn1? region have been assigned to CO adsorbed

CHsl (Aldrich Chemical Co.) and CP (Cambridge Isotopes  on CwpO/SiQ; 384042and bands in the 2125200 cnt! region
Laboratories) both had a purity of 99.5%. @rand CDyl were to CO adsorbed on CuO/Si®4%46 In other cases, bands near
transferred into glass sample bulbs and subjected to several freeze 2130 cnT! have been assigned to CO adsorbed on atomically
pump-thaw cycles prior to use. G®H (EM Science, 99.8%) was  yqugh, reduced-copper particRés®? It has also been suggested
ls tansiered o o glass sample b &1 ubfeied 2 el s ot th I of the CO abeorpion band e
Matheson Gas Products and used as received with a purity of 99.99%.the critical factor, but the stability of the. species under vacuum

at room temperature and the formation of £0r surface

Results carbonate from reaction with surface oxygen which indicates
whether the sample is oxidized or reducgé?

Here we characterize the three different Cu/Saatalysts
prepared in this study using CO adsorption in conjunction with

Catalyst Characterization. The characterization of oxide-
supported metal catalysts remains a challenge, especially for

oxide-supported copper catalysts. The methods traditionally infrared spectroscopy. Three criteria are considered in char-

usecli by surLace sc_:ientists are EpthuEually ada[()jt_atc)jlept‘(()j theseacterizing these samples: i) the frequency of the CO absorption
cata ysfts or the enwronfmehnt in whic .tdely are sgu 1€ -h d sor?- band, (ii) the stability of the species under vacuum (on reduced
tion o CO IS one of the most widely used methods o samples CO readily desorbs upon evacuation whereas on
chf_iracterlzmg the OX|dat_|(_)n state of _Cu/_Sl@taIysts because oxidized samples it does nd®,and (iii) whether or not there
of its ease and adaptability for making in-situ measurements. is formation of CQ and/or surface carbonate from CO adsorp-
However, there is a considerable amount of controversy in the tion. The adsorption of CO was done by introducing CO into
literature concerning the assignment of the CO stretch in y,o infrared cell at 298 K and a spectrum was taken for both
adsorbed CO on the surface of copper in its three oxidation the SiG and Cu/SiQ halves of the samplePgquiibrium = 7.8
quiliprium — .

. 38—-47

states: .CU(G}CU metal, C_u(l)—C_uzO, and Cu(lly-CuO: Torr). Since CO does not adsorb to any appreciable extent on
In addition to the great variance in values for the CO frequency Si0, under these conditions, the spectrum taken of the, SiO
of CO adsorbed on oxidized and reduced copper, it ,has,alsosample represents gas-phas’e CO. The gas-phase spectrum is
been_ _observed that the freqsl;en_cy of ad_sorbed COis _h'ghlythen subtracted from the Cu/Si®pectrum to yield a difference
sensitive to surface str_uctu?‘%. Flg_ure 1 displays a CO”?P"a' spectrum which shows the infrared spectrum of CO adsorbed
tion of band frequencies and assignments from the literature on the surface of the copper particles.
for CO adsorbed on different copper surfag&s! It is fairly After room temperature adsorption of CO on reduced-Cu/

(37)CRC Atlas of Spectral Data and Physical Constants for Organic  Si0O(673 K), the sample that is reduced for many hours at 673
CompoundsGrasseli, J. G., Ritchey, W. M., Eds.; CRC Press: Boca Raton, K the IR spectrum exhibits an asymmetric absorption band with

FL, 1975; Vol. lll.
(38) Van der Grift, C. J. G.; Wielers, A. F. H.: Joghi, B. P. J.: Van & peak near 2100 cm and a shoulder near 2074 cin(see

Beijnum, J.; DeBoer, M.; Versluijs-Helder, M.; Geus, J. W(Catal.1991, Figure 2). Upon evacuation this band decreases in intensity
131, 178.
(39) Dedong, K. P.; Geus, J. W.; JoziasseApdpl. Surf. Sci198Q 6, (43) London, J. W.; Bell, A. TJ. Catal 1973 31, 32.
273. (44) Gardner, R. A,; Petrucci, R. H. Am. Chem. S0d.96Q 82, 5051.
(40) Millar, G. J.; Rochester, C. H.; Waugh, K. L.Chem. Soc., Faraday (45) De Jong, K. P.; Geus, J. W.; Joziasse].Xatal. 198Q 65, 437.
Trans.1991, 87, 1467. (46) Sheppard, N.; Nguyen, T. T. Wdvances in Infrared and Raman
(41) Higgs, V.; Pritchard, JAppl. Catal.1986 25, 149. SpectroscopyClark, R. J. H., Hester, R. E., Eds.; Heyden: London, 1978;
(42) Kohler, M. A.; Cant, N. W.; Wainwright, M. S.; Trimm, D. L. Vol. 5.

Catal. 1989 117, 188. (47) Xu, X.; Goodman, D. WJ. Phys. Chem1993 97, 683.
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and after 20 min has lost more than 99% of its intensity. There 1

is an additional band (very weak) observed after evacuation near Ten=298K [o.005
2000 cnt?, which we have been unable to assign. The bands ][0_002 CV
near 2100 and 2074 crhare clearly assigned in the literature 2007 A 1468
to fully reduced copper surfacé&:424647 We therefore con- A 2814 3800 3400 1530| 1357
. s b 2962 |2895/ 1570/ |}
clude that this sample is indeed reduced copper and the surface s M ‘ A /I\JM
is of an atomically smooth morphology consisting of Cu(111) °l @ Sy e U0,
and Cu(100) planes. b 2954 ngss
After room temperature adsorption of CO on reduced-Cu/ i 298|5 |2924/ 14%62
SiOx(473 K), the infrared spectrum exhibits an asymmetric c Mced_Cu,Sioz(473 0\
absorption band near 2145 cin After 5 min under vacuum e | © 2913
this band disappears to a negligible intensit¥(25% of original 2805
band). The frequency of this band falls into the frequency range b) )\ | Reduced-Cu/si0,(673 K)
for CO adsorbed on CuO/Sj®@r atomically rough but reduced
Cu/SiQ; as discussed above and shown in Figure 1. Because ) ———————  S§ig,
there is no formation of C©or surface carbonate and the CO
was easily removed upon evacuation of the gas phase, we 3000 2800 2600 i 1500 1300

conclude that the copper is reduced and therefore assign the

2145-cnt! band to CO adsorbed on reduced but atomically ]
rough copper particles. Figure 3. Infrared spectra taken after the adsorption of 15.0 Torr of

. . CH;sl for 1 h on (a) SiQ, (b) reduced-Cu/Sig@673 K), (c) reduced-
The absorption band observed in the IR spectrum of CO ¢\/5i0,(473 K), and (d) oxidized-Cu/SiO The infrared cell was

adsorbed on oxidized-Cu/Si@ symmetric with a maximum  eyacuated for 5 min prior to recording each spectrum. The OH stretching
near 2116 cm! (Figure 2). Gas-phase carbon dioxide was also region for the spectrum labeled ¢ is shown in the inset. The negative
observed after introduction of CO into the sample cell. Upon feature shown in the inset indicates there is a decrease in SiOH groups
evacuation of the gas phase, the CO absorption band shifted taupon adsorption of Cl on reduced-Cu/Sig473 K).

2108 cntt and an additional, weak band became apparent in

the spectrum near 1986 cm1 The integrated area of the CO  approximatef 1 h atroom temperature followed by evacuation.
absorption band decreased by 60% from its original value after It has been previously shown that the surface becomes saturated
evacuation for 5 min and 75% after 60 min. The frequency of with surface-bound reaction products after reaction times of
the 2116-cm? band is low for oxidized copper, but it is close approximately 1 K. It is obvious upon initial inspection that

to the band observed near 2118@rby Millar, Rochester, and  each of the three different copper samples exhibits the formation
Waugh after the surface oxidation of Cu/Si@ing NO to form of unique products on the catalyst surface after the room
Cw0/Si0,.%% In addition, those samples oxidized withp@ temperature adsorption of methyl iodide. It is also clear that
form gaseous C@upon reaction with CO and the CO remains pure silica does not react with GHunder these conditions as
present for longer periods of time on the copper surface after there are no new absorptions after exposure oflG#l SiO,
evacuation of the gas phase. Therefore, the band at 2116 cm (Figure 3a). Therefore, it can be concluded that the adsorption
is assigned to CO adsorbed on oxidized copper, most probablyof CHzl on each of the three samples is a result of the presence
Cw0/SiO,. of the copper particles.

Transmission electron micrographs were taken of the Cu/ The spectrum taken after methyl iodide adsorption on the
SiO, samples using a Hitachi H-600 electron microscope reduced-Cu/Sig§673 K) sample (Figure 3b) is characterized
operating at an acceleration voltage of 100 kV. The particles by absorption bands in the-GH stretching region near 2913
of these samples were found to have diameters between 2 andnd 2805 cm!. Both the reduced-Cu/Spt73 K) (Figure 3c)

5 nm. For reduced-Cu/Si73 K) samples, the copper and the oxidized-Cu/Sig(Figure 3d) spectra contain multiple
particles ranged in size from 3 to 5 nm in diameter. The average bands in the €H stretching region, although the frequencies
diameter, obtained from a sampling of 50 particles, was 3.7 of the bands and the intensity patterns are quite distinct between
nm. For reduced-Cu/Sig473 K) samples, the copper particles the two samples. The reduced-Cu/giWY3 K) spectrum
ranged in size from 2 to 5 nm in diameter and the average (Figure 3c) exhibits absorption bands in the region between 2800
diameter was 3.4 nm. and 3000 cm? near 2985, 2954, 2924, and 2852 ¢nand one

In summary, these three samptesduced-Cu/Sig{673 K), in the G-H deformation region near 1462 ch The inset in
reduced-Cu/Sig§473 K), and oxidized-Cu/Sig-are composed Figure 3 displays a loss in the OH stretching region for the
of copper nanoparticles between 2 and 5 nm in diameter. The SiOH groups after reaction with GH indicating consumption
samples reduced inHor long times and at high temperatures, of OH groups during adsorption of GHonto reduced-Cu/Si©
reduced-Cu/Sig{673 K) samples, consist of Cu nanoparticles (473 K). The oxidized-Cu/Si@spectrum (Figure 3d) exhibits
that are reduced and have surfaces that are atomically smoothinfrared bands near 2962, 2927, 2895, 2861, and 2814 om
consisting of (111) and (100) planes. Reduced-Cu/@iT3 the C—H stretching region. Several bands are also observed
K) samples consist of Cu nanoparticles that are reduced andfor the oxidized-Cu/Si@sample in the region extending from
have surfaces that are atomically rough. Oxidized-Cu/SiO 1300 to 1600 cm! with frequencies of 1584, 1570, 1530, 1468,
samples are oxidized surfaces with a surface stoichiometry of 1446, 1428, 1388, and 1357 ct The 1584-, 1446-, 1428-,
Cw0; the surface morphology of these samples is unknown. and 1388-cm! bands are very weak and are not labeled in

Room Temperature Adsorption of CHsl on Reduced-Cu/ Figure 3d. Again, itis clear that different surface species form
Si0,(673 K), Reduced-Cu/SiQ(473 K), and Oxidized-Cu/ ~ ©on each of the Cu/Sifsamples.

SiO,. The infrared spectra shown in Figure 3 were recorded The data presented in the next two sections will show that
for four different samples(a) SiQ, (b) reduced-Cu/Sig)673 the following reactions (eqs -4) take place upon room
K), (c) reduced-Cu/Sig8473 K), and (d) oxidized-Cu/Si-after temperature adsorption of GHon reduced-Cu/Sig§673 K),

15 Torr of CHil had been introduced into the infrared cell for reduced-Cu/Sigf473 K), and oxidized-Cu/Si©to yield dif-

Wavenumbers
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Table 1. Vibrational Assignment of Surface Species Formed from Reaction af @ Silica-Supported Copper

I. Methyl Adsorbed on Copper

mode description Cu/Sio(673 KP Cu/SiG(473 Kp Cu(100¥y Cu(111y Pt(111y
v{(CHa) 2913 2924 2915 2835 2879
v(CH) 2805 2760
04(CHa) 1430
0s(CHs) 1150 1200
II. Methyl Adsorbed on Silica-SiOCH
mode description spillover CH3;0H—-SiO? CH;OH-SIO"
vo(CHs) 2985 2998 3000
va(CHg) 2954 2961 2958
overtone or combination band 2930 (sh) 2930 (sh) 2928 (sh)
v{(CHs) 2852 2860 2858
0(CHy) 1462 1465 1464
IIl. Methoxide Adsorbed on Copper
mode descriptioh Cu/SiQP Cu/Sio¥ Cu/sio Cu(100y Cu(110)
vad CHa) 2927 2920 2930 2901 2940
vad CHg) 2895 2880 2861
v{(CHa) 2814 2824 2821 2787 2840
O6(CHy) 1468 1443 1460
IV. Formate Adsorbed on Copper
mode descriptich Cu/SioP Cu/SiGP Cu/SiOA Cu(110) sodium formate
combination bandi,{COO)+ 6(CH)] 2958 2936 2935 2960 2953
v(CH) 2867 2856 2851 2920 2841
combination bandfy(COO)+ 6(CH)] 2718 2720
va{COO) 1564 1579 1553 1560 1567
O6(CH) 1369 1377
v{(CO0) 1360 1358 1351 1360 1366

aMode description taken from refs 18 and 48 his work. ¢ Referenc
52.9 This work—from methanol adsorption on Si& Reference 51.sh=
! Reference 14" Reference 53" Reference 54° Mode description taken
57.tOnly observed at high coverages.

ferent surface-bound products.

reduced-Cu/Sig{673 K)
3

CH,~Cu+I1-Cu (2

reduced-Cu/Sig{473 K)

CH.l CH,—Cu+ I—Cu+ Si—OCH,
(3)
oxidized-Cu/SiQ
CH,l CH,0—Cu+ I-Cu+ HCO,—Cu
(4)

These reactions of GHto form adsorbed methyl groups on
reduced copper particles (GHCu) and the silica support
(SIOCHs) and to form adsorbed oxygenates ({CH-Cu and
HCO,—Cu) on oxidized copper particles are discussed in detail
below.

Identification of Surface Species on Reduced Cu/Si©
Sample.The spectrum recorded after reaction of {Ltén
reduced-Cu/Sigf673 K) is simple and consists of two bands
with frequencies of 2913 (s) and 2805 (w) tin The simple

e 184 Reference 48 Reference 49.Mode description taken from ref
shoulderi Mode description taken from refs 53 and 3&Reference 13.
from ref 58 Reference 569 Reference 11" Reference 545 Reference

cm~1 may be due to the symmetric-& stretch of methyl
fragments adsorbed on different sites or to an overtone of the
asymmetric deformation modé4°

The spectrum obtained after reaction of {£Lldn reduced-
Cu/SiOy(473 K) (Figure 3c) is much more complex than the
spectrum for reduced-Cu/Si®73 K) (Figure 3b). This
spectrum has been assigned previously to two different surface
species, CtCHz and SiOCH3“ (see Table 1). The band near
2924 cntlis assigned to methyl groups adsorbed on the surface
of Cu particles with atomically rough morphology and is
approximately 10 cm! higher in frequency than that for methyl
groups adsorbed on atomically smooth copper surfaces (Figure
3b). The remaining bands in the reduced-Cufi@3 K)
spectrum are assigned to SiOg€iroups formed from the
reaction of methyl groups, from methyl spillov@with surface
hydroxyl groups. It has been previously shown that hydroxyl
groups present near the Cu particles can react with methyl
groups, from methyl spillover, to form SIOGHR#* The iden-
tification of SIOCH; is made possible by forming this species
through the reaction of methanol and silf¢éaThe spectrum of

spectrum suggests there is a single species adsorbed on thgiOCH; from reaction of methanol with silica is shown in Figure
surface. The spectrum is not consistent with that of adsorbed4a and the spectrum of reduced-Cu/§473 K) after methyl

methyl iodide which has infrared absorption bands near 3026
2910, and 1420 cmt when adsorbed on a metal surfé&édhe

, iodide reaction is shown in Figure 4b. There is fairly good

agreement between the frequencies and the intensity patterns

spectrum is more consistent with adsorbed methyl groups observed in the two spectra shown in Figure 4 (a and b).

formed from the dissociation of the relatively weak Chond.
The 2913-cm! band is close in frequency to the—l
symmetric stretch of adsorbed methyl on Cu(100) (2915%A§

On Pt(111), the symmetric-€H stretch in adsorbed methyl has
been reported near 2879 chf® The assignment of adsorbed
methyl groups is given in Table 1. The weaker band at 2805

(48) Lin, J.-L.; Bent, B. EChem. Phys. Lettl992 194, 208.

An important experiment that clearly demonstrated the role
of silica hydroxyl groups in the chemistry of methyl iodide
began with a reduced-Cu/Si@73 K) sample that was then

(49) Fan, J.; Trenary, ML.angmuir1994 10, 3649.

(50) Spillover is a well documented phenomenon on supported metal
catalysts especially for hydrogen. For a general review see: Connor, W.
C., Jr.; Falconer, J. LChem. Re. 1995 95, 765.

(51) Morrow, B. A.J. Chem. Soc., Faraday Trans.1974 1527.
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T 203K 7t after room temperature reaction of grbn an oxidized-Cu/
SiO, sample (Figure 3d) correlate well with bands observed
UO'OOZ 2022 for methoxide (OCH) on copper surfaces, as has been discussed
‘ previously3* The bands at 2927, 2895, 2814, and 1468&m
A C,M\m»«cnhr + are assigned to methoxide adsorbed on the copper particles (see
b Remced a0, (473 Kot 13 K Table 1). It is well-known that methoxide can decompose to
S 2054 ’ form surface formaté3~> A number of the bands that do not
r 2985| M:z/ssz correlate with methoxide in the GHoxidized Cu/SiQ spectrum
b ) / 14‘62 do match those of adsorbed formate. The bands at 2958, 2867,
ﬁ b) CHI+ N\ 2718, 1564, 1369, and 1360 chcan be assigned by compari-
c Reduced- Cu/Si0, (473 K) son with literature spectra to bidentate formate adsorbed on the
e 2961 2860 copper particles. (The frequency and intensity pattern of these
2998 093 bands are coverage dependent. The highest coverage spectrum
J\W 1465 was used for the bidentate formate assignmeet spectrum
\ 9 p
a) o 0:{3'5% labeledT = 473 K, Figure 93°5558 The shoulder at 1584
‘ : cm! is near the 1583-cmt band observed for unidentate
3200 3100 3000 2900 28002700 1500 1400 formate adsorbed on an oxidized Cu/gi@talyst?® Although
Wavenumbers distinct bands in the €H stretching region for a unidentate
Figure 4. Infrared spectra of (a) Sigafter reaction of CEDH to form formate species (2978 and 2904 Cinare not observed, these

SiIOCH; groups (b) reduced-Cu/Si(73 K) after adsorption of metnyl ~ bands could be easily obscured by the intense absorption bands
iodide far 1 h and subsequent evacuation. The two spectra labeled afor adsorbed methoxy and bidentate formate. A possible
and b are quite similar and indicate that SiOG#iformed on reduced-  assignment for the shoulders observed at 1446 and 1428 cm
Cu/SiG, samples from CH adsorption. One difference between the s that of thed(CHs) of methoxy groups adsorbed on different
two spectra is the band near 2924 €nwhich is assigned to CH surface sites. In summary, the bands in the oxidized-Cy/SiO
adsorbed on the copper surface. The assignment of the 2924amd spectrum have been identified as £H-Cu (2927, 2895, 2814,

is confirmed by the SpeCtrUm labeled c. The Spectrum labeled ¢ was and 1468 cm]_) and HCOG-Cu (2958, 2867, 2718, 1564, 1369,

taken following adsorption of C#i on a reduced-Cu/Si473 K) d N 34 - .
. 1360 cm?).3* The assignments of these bands are given
le that had been heated to 673 K to d th f Siofg" .

sampie ina. 1ad been Nea'ea 1o 0 decrease s coverage o =t in Table 1. The band at 1530 cdoes not correlate with

groups on the support (this sample is denoted as reduced-G#380 . s -
K—673 K)). The IR data show that SiOGHormation is dependent ~ any of the above species and is left unassigned.

on the silica hydroxyl group coverage. The lone band in the spectrum  Temperature-Dependent Infrared and TPD Results for
at 2922 cm is due to methyl fragments adsorbed on the copper surface. CH3l on Reduced Cu/SiQ Samples. The reaction chemistry
See text for further details. of the surface species on reduced Cu/Si@alysts as a function

heated to 673 K fol h under vacuum. This treatment affected Of temperature was further investigated. Infrared experiments
the hydroxyl group coverage of the silica support. By integrat- Were done by heating the samples in increments of 50 K for 60
ing the area of the bands in the silica hydroxyl group region S then cooling the sample down to room temperature after which
before and after heating to 673 K it is estimated that ap- an infrared spectrum was recorded. During these experiments,
proximately 25% of the SiOH groups have been removed due the infrared cell containing the sample was isolated from the
to heating. It should be noted that the frequency of adsorbed PUMPINg system in order to observe the formation of gas-phase
CO on the copper surface only shifted by 4 @nfrom 2147 specigs. Complementary TPD data were collected in separate
cm! before heating to 2143 cth after heat treatment. This  €Xperiments.

small shift in the adsorbed CO frequency demonstrates that the After adsorption of CH on the reduced-Cu/SK673 K)
copper surface itself has not changed significantly after the 1 h sample and subsequent evacuation of the gas phase, the sample
heating process under vacuum, in contrast to the large changevas warmed to elevated temperatures as described above and
in surface morphology after heating to 673 K for 24 h, as then cooled to room temperature before a spectrum was taken.
previously discussed. After preparation of the Cu/S@mple Figure 5 shows the temperature-dependent infrared data for a
as detailed above (denoted as reduced-Cy(8i3 K—673 K)), reduced-Cu/Sig{673 K) sample. As the data show, the bands
the sample was then exposed to 15.0 Torr of methyl iodide for near 2913 and 2805 crh begin to decrease in intensity near

a period of 1 h. Following evacuation, an infrared spectrum 423 K and are completely gone by 473 K. Concomitant with
was taken, as shown in Figure 4c. As evidenced by the infraredthe decrease in the 2913- and 2805-érhands is the growth
absorption near 2922 crh only the Cu-CHs species is formed  of a band near 3017 cm, which is characteristic of gas-phase

on these samples as is observed on reduced-Cy(1® K) methane (see inset, Figure 5). This reaction temperature near
samples. The conclusion drawn from these results is that heatingd23—473 K is also near the temperature where methyl fragments
to 673 K removes a portion of the SiOH groups but does not react to form methane, ethane, and ethylene on single crystal
significantly change the surface of the copper particles and the copper surfacel18:24.60

adsorption of CH and CH; on the Cu particles is the same. The TPD data corroborate the infrared results. Figure 6
However, SiOH groups that play a role in adsorption ofsCH  shows the TPD spectrum after reaction of reduced-Cu(Si3

on reduced-Cu/Sigyd73 K), most probably those in close

proximity to the metal particles, have been removed and do v E55) JHa¥deJn, BME-dINib;atgnaé(?pecljtgoscopy ﬁlf MOL?Cuklesl gg78urfgggs;
o : . ates, J. ., Jr.,, Madey, I. E., S.; Plenum: ew YOrK, P .
not par'qqpa.te in the reaction. . . . (56) Millar, G. J.; Newton, D.; Bowmaker, G. A.; Cooney, R.Appl.
Identification of Surface Species on Oxidized Cu/Si@ Spectrosc1994 48, 827.
Several of the infrared bands observed in the spectrum obtained (57) Ito, K.; Bernstein, H. JCan. J. Chem1956 34, 170.
(58) Hayden, B. E.; Prince, K. C.; Woodruff, D. P.; Bradshaw, A. M.
(52) Pelmenschikov, A. G.; Morosi, G.; Gamba, A.; Zecchina, A.; Surf. Sci.1983 133 589.

Bordiga, S.; Paukshtis, E. Al. Phys. Chem1993 97, 11979. (59) Millar, G. J.; Rochester, C. H.; Waugh, K. Z.Chem. Soc., Faraday
(53) Ryberg, RPhys. Re. B 1985 31, 2545. Trans.1991, 87, 1491.
(54) Sexton, B. A.; Hughes, A. E.; Avery, N. Burf. Sci.1985 155 (60) Chiang, C.-M.; Wentzlaff, T. H.; Bent, B. H. Phys. Chenil992

366. 96, 1836.
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Figure 5. Infrared spectra taken as a function of temperature after the

adsorption of CH on reduced-Cu/Sig673 K). The 298 K spectrum

is identical to the one shown in Figure 3b. The sample was then heated
to the indicated temperatures and cooled down prior to recording a

spectrum. The infrared cell was isolated from the pumping system so

that gas-phase products from the desorption/decomposition could be
monitored. The inset displays an expanded view of the spectrum labeled
473 K to show the presence of a band near 3017 cwhich is assigned

to gas-phase methane.
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Figure 6. TPD following adsorption of Ckl on reduced-Cu/Si®
(673 K) for 1 h. Three desorption products were detected in TPD; CH
(m/e 16), GH4 (m/e27), and GHg (m/e 30).

K) with CHsl. There is a peak near 425 K for GKim/e 16)
which is consistent with the temperature-dependent infrared data.
In addition to methane, the TPD data show that both ethane
(m/e 30) and ethylenenf/e 27) evolve from the sample near
370 and 390 K, respectively. The TPD data are nearly identical
with the results obtained on single crystal copper sur-
faces!?18.24.60 Bent and co-workers have reported the reaction
of methyl groups on copper single crystals to form methane,

J. Am. Chem. Soc., Vol. 119, No. 7, 1993
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Figure 7. The temperature-dependent infrared spectra recorded after
adsorption of CH on reduced-Cu/Sig)473 K). The 298 K spectrum

is identical to the one shown in Figure 3c. The sample was then heated
to the indicated temperatures and cooled down prior to recording a
spectrum. The infrared cell is isolated from the pumping system in
order to monitor gas-phase products. The inset displays an expanded
view of the spectrum labeled 773 K to show the band near 3018,cm
which is associated with gas-phase methane.

Reduced-Cu/Sig473 K) samples exhibit more complicated
infrared and TPD spectra following methyl iodide adsorption.
As discussed above, two surface species have been identified
on reduced-Cu/Sigd73 K): methyl groups adsorbed on the
copper particles and SiOGHormed from methyl spillover.
These two species differ in thermal stability. Figure 7 displays
the temperature-dependent infrared spectra after reactionf CH
on reduced-Cu/Sig473 K) at room temperature. As the data
show, the band near 2924 cindecreases in intensity as the
temperature is raised to 423 K concomitant with the growth in
a band near 3016 cmh, attributed to gas-phase methane
(expanded spectrum shown in inset). The remaining bands are
unaffected. The bands near 2985, 2954, and 2852 tiegin
to decrease near 573 K and do not fully disappear until 873 K
(not shown). Gas-phase G@@349 cnm!) and CO adsorbed
on the copper surface (2132 cH) grow in intensity as the
temperature is raised above 473 K. These data further support
the conclusion that there are two species present on the
surface: one that is chemically similar to the species formed
on reduced-Cu/Sig673 K), i.e. Cu-CHs, and one that remains
on the surface to higher temperatures, i.e. SiQCH

The TPD data corroborate the temperature-dependent infrared
data. Figure 8 shows that two sets of TPD peaks are observed,
those with desorption rate maxima below 550 K and those above
550 K. A TPD peak is evident at 440 K for methame/¢ 16)

ethane, and ethylene. Methane desorbs with a desorption ratedesorption and another peak is observed at 410 K for ethane

maximum near 450 K on Cu(11%)and 470 K on Cu(1169

and Cu(100¥8 Ethane desorbs with a desorption rate maximum
near 400 K from Cu(116Y after adsorption of CH and
ethylene formation and desorption occurs near 470 K on Cu-
(100)1® White and co-workers observe similar desorption
products from methyl reaction on polycrystalline Cu filfds.

(m/e 30) desorption. Methane and ethane evolution from
reduced-Cu/Sigl473 K) have desorption rate maxima that are
approximately 26-25 K higher than those observed for the
reduced-Cu/Sig§673 K) samples. Importantly, there is no TPD

(61) Roop, B.; Zhou, Y.; Liu, Z.-M.; Henderson, M. S.; Lloyd, K. G.;
Campion, A.; White, J. MJ. Vac. Sci. Technol. A989 7, 2121.
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Figure 8. TPD following the adsorption of C#lon reduced-Cu/Si® 323 T T O~ A
(473 K). Desorption peaks were seen in several mass channels including 298 I ] : |
H,O (m/e 18), CQ (m/e 44), GHs (m/e 30), CO /e 28) and CH 2927 | 814 1468
(m/e16). Desorption peaks below 550 K are due tozCéhctions on 2895 iy
the Cu particles. No desorption peaks were seen fbt,Gm/e 27) ! ! T T J J
(not shown). Desorption peaks above 550 K are due to the decomposi- 3200 2800 2450 2250 1600 1400
tion of SIOCH; groups. Wavenumbers
) Figure 9. The temperature-dependent infrared spectra recorded after
peak for ethylene desorption from the reduced-Cus@iz8 K) reaction of CHl on oxidized-Cu/Si@. The 298 K spectrum is identical
sample (not shown) as there was for the reduced-Cy(613 to the one shown in Figure 3d. The sample was then heated to the
K) sample. indicated temperatures and cooled down prior to recording a spectrum.

TPD peaks evident above 550 K are due to the decompositionAs in previous experiments, the infrared cell was isolated from the
of SIOCHs. Desorption of Cl4, CO and CQ occurs near 615 pumping system in order to observe gas-phase species produced upon
K. Characteristic IR bands for these species are observed inh€ating of the sample.
the temperature-dependent infrared spectra (see Figure 7). o )

Water evolution /e 18) is also observed over a broad growth in intensity of a band centered at 2349 ¢érfgas-phase

temperature range, as the silica support becomes dehydroxylate§O2) after heating to 423 K and above. The bands formed at
at higher temperatures. higher temperatures can be attributed to a combination of surface

Temperature-Dependent Infrared and TPD Results for COy species which are formed from the decomposition of
CH3l on Oxidized-Cu/SiO,. After adsorption of methyl iodide ~ @dsorbed formate. Frequency ranges for adsorbedspezies
on oxidized-Cu/Si@ a complex infrared spectrum is seen &€ as follows: bidentate carbonate ({5,€# 1590-1630 and
(Figure 3d) which is assigned to two adsorbed oxygenates on1260-1270 cni; carboxyl (CQ),*> 21350-1420 and 1556
the copper surface: methoxide and bidentate formate. The1630 cnT*; organic-like carbonate (CO(g))** 1870-1750 and
temperature-dependent infrared data (Figure 9) show the forma-1250-1280 cnT*; and bridged CG?° 1700-1900 cn™. Itis
tion and desorption of several species which have also beenMost likely that it is a C@species which is responsible for the
observed in the decomposition reaction of methanol on sup- bands at 1625 and 1429 cin the spectrum recorded after
ported copper catalystd-15 As the sample is heated between heating to 623 K, since it is the initial dehydrogenation product
298 and 473 K the bands near 2927, 2895, 2814, and 1468 cm of bidentate formate. Upon further heating, the adsorbed CO
decrease in intensity concomitant with the growth of bands near may disproportionate to yield bridged CO and adsorbed. CO
3538 (not shown), 2958, 2867, 2718, 1564, 1369, and 1360 The 1893-cm? band cannot be firmly assigned to a specific
cm L. Upon warming to 523 K, these bands decrease sharply CO« Species since any other associated bands may be masked
as bands near 3608 (not shown), 1663, 1615, and 1429 cm Dby silica absorptions (below 1300 c#).
develop. TPD results, presented in Figure 10, provide confirmation
The hydrocarbon bands which grow in intensity between 323 of the infrared results and the gas-phase species observed in
and 473 K are attributed to bidentate formate (CHj@) the the IR spectra. Three desorption peaks are evident in the
copper surface due to both the frequencies of the bands and thepectrum. HO (m/e 18) and CQ (m/e 44) desorption occur
fact that they reach maximum intensity and then decreaseover broad temperature ranges from 400 to 800 K and 500 to
sharply near temperatures where bidentate formate has been se€f00 K, respectively. Formaldehyde, which was not detected
to decomposeX425 K) on oxidized Cu/Sig}® and Cu(100¥?2 in the IR data, desorbs with a desorption rate maximum of 450
The band which develops (along with the bidentate formate K.%6 Formaldehyde is a product in methanol decomposition on
bands) at 3538 cri is assigned ta/(OH) of Cu—OH.83 The copper surfaces as wéfl.
bands which have been attributed to unidentate formate either

decrease or become obscured by the intense bidentate formate (64) Little, L. H.Infrared Spectra of Adsorbed Speciésademic: New
bands above 373 K York, 1966.

N ) (65) Davydov, A. A.Infrared Spectroscopy of Adsorbed Species on the

Heating to 673 K evolved yet another band (not shown) near surface of Transition Metal OxideWViley and Sons: Chichester, 1990;

1893 cntl. Also observed is the development and constant (a) p 38, (b) p 118.
(66) Although formaldehyde has the same mass as etmates30), the
(62) Sexton, B. ASurf. Sci.1979 88, 319. observed fragmentation pattern for this peak is only consistent with
(63) Ellis, T. H.; Wang, HLangmuir1994 10, 4083. formaldehyde and not ethane.
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Figure 10. TPD following adsorption of CH on oxidized-Cu/SiQ

following adsorption of CH. Desorption peaks were evident fop-H

CO (m/e30), CQ (m/e44), and HO (m/e18).

In addition to the experiments discussed above using copper
nitrate as the copper precursor, we have also prepared Gu/SiO
samples using copper acetate monohydrate as the coppe

precursor. These experiments were done to probe the effect of

the copper precursor on the chemistry of methyl fragments. Data

obtained from the copper nitrate precursor samples are repro-

duced when methyl iodide is adsorbed onto the Cu/S#nples

made using copper acetate monohydrate, indicating little effect
of the copper precursor at least in terms of reaction products
formed. Samples with lower copper metal loading were also

examined. The reaction products were the same but the band
intensities of surface bound species decreased with metal loading

(between 15 and 4%).

Discussion

In general, oxide-supported metal particle catalysts are
complex and it is often times difficult to determine the important
parameters that affect the reactivity of these systems. In this
study, we have identified at least three important factors that
control the surface chemistry of methyl groups, formed from
the dissociative adsorption of methyl iodide, on Cu/SiO
samples. These three factors are (i) the oxidation state of the
copper particles, (i) the hydroxyl group coverage on the surface
of the silica support, and (iii) the surface roughness of the copper
particles. The effects that these three factors have on the
chemistry of methyl groups on Cu/Si@re discussed in detail
below.

Surface Chemistry of CHsl on Reduced- and Oxidized-
Cu/SiO, Samples. Similar to the single crystal surface chem-
istry of methyl iodide, C-I bond dissociation occurs to give
methyl and adsorbed iodine on the copper particle surface of
the reduced Cu/Sisamples (Scheme 1). Although we have
not detected adsorbed iodine in our experiments, we will assume
that, similar to what occurs on single crystal surfaces, the iodine
atom strongly bonds to the copper surface. On reduced-Cu/
SiOy(673 K), Cu—CHgz is the only species formed upon
adsorption of CHI. This species is characterized by infrared
bands near 2913 and 2805 chiweak). The infrared spectrum
of adsorbed methyl groups on reduced-Cus@3 K) samples
is characterized by an absorption band near 29241 ¢hat is
assigned to the symmetric<&1 stretch of adsorbed methyl
groups on atomically rough copper particles.

J. Am. Chem. Soc., Vol. 119, No. 7, 1995

Scheme 1. Reactions of Methyl lodide and Methyl
Fragments on Cu/SiO
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After CHsl adsorption on reduced-Cu/Si@73 K), methyl
groups are present not only on the copper particles but also on
the silica support as SiOGHgroups. The SiOCk groups
exhibit infrared bands near 2985, 2954, 2852, and 1462'cm
(Table 1). Because there is no direct reaction with methyl iodide
andthe silica surface under the conditions employed in this study,
the formation of SiOCH is a consequence of & bond
dissociation on the copper patrticles, followed by reaction of
methyl with the surface hydroxyl groups.

The number of SIOH groups that react with methyl fragments
per copper particle on reduced-Cu/gi@r3 K) has been
calculated from the average particle diameter from TEM
measurements, the mass of both copper and silica in the sample,
an initial hydroxyl group coverage on the silica of 5 OH groups/
100 A2%4 and the percentage of SiOH groups lost after
adsorption of methyl iodide. This calculation yields ap-
proximately 25 OH groups reacting per copper particle in the
sample. Hydrogen atoms produced in the spillover process are
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available for reaction with methyl groups adsorbed on the Cu K) samples. To determine if there is another source of hydrogen

particles as discussed in the next section. atoms, TPD data for deuterated methyl iodide on reduced-Cu/
There are two possible mechanisms for this reaction. One SiO»(473 K) were obtained. If CEH evolves in TPD, then it

is a stepwise mechanism (eq 5), similar to that observed for is clear there is another source of hydrogen atoms available for

hydrogen spillover, and has been discussed previously. the formation of methane. However, if GIYroups undergo
o-elimination to give C and D atoms then there should be
Cu+ CH;l — Cu—CH; + Cu—I (5a) exclusively CD. In experiments with CB on reduced-Cu/
) . Si0x(473 K), a significant amount of Gl evolution is
SiOH+ Cu—CH; — SIOCH; + H (5b) observed in TPD indicating there is another source of hydrogen

atoms available for reaction with Gldroups. Hydrogen atoms

Alternatively, the reaction may be a concerted one occurring at from SjOH plus methyl reaction (eq 5b) is the most likely source
the Cu-silica interface. As the C-1 bond dissociates and forms f hydrogen available for reaction with methyl fragments.

an I—-Cu bond, the CH group can simultaneously react with

SiOH to form SIOCH. In contrast to hydrogen spillovgr, which  g,mmarized in Scheme 1. For reduced-Cus@IzB K) samples,
can occur over macroscopic distan€eghe CH; spillover the chemistry of SiOCH groups from methyl spillover is
appears to be limited to OH groups in close proximity to the ,cjuded in the reaction scheme.

metal particles. The fact that spilllover is limited for Q.H . Role of Surface Roughness on the Surface Chemistry of
suggests that the concerted mechanism may be operative in th'ffvlethyl Groups. As discussed previously, the two reduced Cu/
case. : . ; :
- . ) SiO; samples show differences in the copper particle surface
on QX|d|z.ed-Cu/S|_@ samples, the €l bond in adsorbed morphology. The long reduction at higher temperature (reduced-
CHgsl dissociates as it does on the reduced samples, howeverCu/Siq(673 K)) has an annealing effect on the surface of the

the predominant products that form on the oxidized Copper .,nher particles. Similar to adsorbed CO, the frequency of the
surface are methoxy and bidentate formate (Scheme 1). Thee,metric stretch in adsorbed methyl is blue-shifted on reduced-

infrared spectra qf these two surface bound species are assigne u/SiON(473 K) samples that have particles of rough surface
by direct comparison to literature spectra (Table 1). morphology compared to reduced-Cu/Si€¥3 K). The shift

Surface Chemistry of Methyl Groups on Reduced Cu/  higher frequency for the rougher surfaces is attributed to
SiO, Samples and the Role of Silica Hydroxyl Group adsogr]ption og unsa};urated copp?er atoms.

CO\f/eragef. t;— he chemlstr)':. Olf methylf grotgps a:cdtsorbed ?n the More subtle differences may also be discerned from the data.
surtace ot In€ copper particies as a Iunction of tlemperatureé canr,. tpp gata show different desorption rate maxima on

be discerned from the IR and TPD data. For reduced-CuyfSiO : : -
. . X . reduced-Cu/Sigl673 K) (Figure 6) and reduced-Cu/Si@73
(673 K) samples, identical reaction products are detected in TPDK) (Figure 8). The reduced-Cu/Si(873 K) shows a desorption

to those produced on a single crystal Cu(110) surface. There'rate maximum near 370 K for ethane desorption compared to

fore,t_we use(:thfl(r)e?ctlonIsgqttlilence (ljtet;ermlnetﬂ 1|‘or mte_zthyl410 K for ethane desorption from the reduced-Cu/$i@3 K)
reactions on Cu(110) to explain the results for methyl reactions sample. This difference in the desorption temperature for the

on reduced-Cu/SIg673 K) samples (eqs-). two reduced Cu/Sigsamples represents a change in the reaction

The chemistry of CH fragments on reduced samples is

CH,— CH, + H (6) kinetics for methyl fragments adsorbed on copper due_ to a
change in the surface morphology of the copper particles.
H + CH, — CH,(g) @) Diffusion of methyl fragments may be more facile on the

smoother copper surfaces.
Surface Chemistry of Methyl Groups on Oxidized-Cu/

CH, + CH; =~ CHy = GH,(9) + H ®) SiO,. The surface-bound products that are formed at room
temperature during the adsorption of methyl iodide on the
CH; + CH; — CHq(g) (©) oxidized-Cu/SiQ sample can be attributed to the formation and

partial dehydrogenation of methoxy groups adsorbed on the
copper surface. Scheme 1 depicts the initial formation of
methoxy from the dissociative adsorption of the {LENd its
reaction with adsorbed oxygen. A portion of the methoxy
groups dehydrogenate to produce formate and hydroxyl groups
adsorbed on the copper surface. Both methoxy and formate
are observed at room temperature after adsorption of methyl
iodide. Upon warming, the remaining methoxy groups dehy-
drogenate to increase the concentration of bidentate formate and

. N to form water through the addition of a hydrogen to-€H
The different product distribution for reduced-Cu/g(@r3 groups. It is also known from the TPD experiments that

K) samples compared to reduced-Cu/#873 K) and Cu(110)  f5rmaidehyde is produced in the temperature range where the

surfacc_as suggests that there is another reaction mechanismy . -aq spectra show methoxy groups dehydrogenating and the
occurring for methyl groups adsorbed on reduced-Cu/3iT3 bidentate formate coverage increasing. At higher temperatures,
K). On reduce_d-Culsng473 I.()' thgre 'S no. evidence for  ap5ye 523 K, bidentate formate undergoes further reaction to
ethylene formation and there is an increase in the amount of .4/ ,ce gaseous G@nd adsorbed carbonate. The chemistry
methane produced relative to ethane. From the integrated areg methyl iodide on oxidized-Cu/SiOis identical to that of

of the TPD peaks, it was determined that there was nearly an othanol adsorbed on oxidized-Cu/SiO

eight-fold increase in the ratio of GHC;Hg on reduced-Cu/
Si0x(473 K) compared to reduced-Cu/S{©73 K) sample§! (67) The relative yields of methane, ethane, and ethylene were determined

The increased methane production and the absence of ethylen& calibrating the mass spectrometer with pure gases and correcting for
e different ion-gauge sensitivities. The £6,Hg yield was calculated to

suggest that there is another source of hydrogen besides frompe ¢ 16 for CHI reaction on Cu/Sig673 K) and 1.20 for CH reaction
o-elimination in adsorbed methyl for the reduced-Cu/f4@3 on Cu/SiQ(473 K).

Methane can only form if there are available hydrogen atoms
for reaction with methyl. It has been shown that the rate
determining step in methyl reactions on Cu(11@)-islimination
to yield methylene and hydrogen atoms (eq 6). H atoms then
react with methyl groups to yield methane (eq 7). Methylene
groups can insert into the G&CH; bond to give ethyl which
rapidly undergoeg-hydride elimination to give ethylene and
adsorbed hydrogen atoms (eq 8). At high coverages methyl
groups can also couple to evolve ethane (eq 9).
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In order to determine if the €I bond in CHl breaks on the formed on the copper particle surface of reduced Cu/SiO
adsorbed oxygen to form methoxy or if methyl groups are samples after the dissociative adsorption of methyl iodide. The
perhaps formed on vacant copper sites and subsequently readrequency of the €H symmetric stretch is dependent on surface
with nearby adsorbed oxygen to form-€0CH;, an experiment morphology. For smooth surfaces, the frequency is near 2913
was done where a fraction of a monolayer of methyl fragments cm=! and for rough surfaces the frequency blue shifts to near
on a reduced-Cu/Si673 K) sample was prepared. Oxygen 2924 cntl. On samples that are heated to a maximum
was then added in an attempt to observe the formation of temperature of 473 K, the hydroxyl group coverage on the silica
methoxy on the copper surface. Even with gentle heating in support is high enough such that some of the methyl fragments
oxygen (below the desorption temperature of3;tthe methyl migrate to and react with SiOH groups to form SiOCahd
fragments showed no conversion to methoxy. This demonstrateshydrogen atoms. These hydrogen atoms can then react with
that the methyl fragments, if formed, are not stabilized on the methyl groups to form gaseous methane at elevated tempera-
copper surface prior to their reaction with the adsorbed oxygen. tures. Oxygenated hydrocarbon fragments are formed on the
This is similar to results observed by Bol and Friend in an copper particle surface on samples that have been oxidized prior
analogous experiment on an oxygen pre-covered rhodium to methyl iodide adsorption. These fragments include methoxy
surfaceZ® and bidentate formate on the copper surface. In general,

Another important observation is that on the oxidized-Cu/ characterization of Cu/SiOsamples is difficult. The samples
SiO; samples, no formation of SIOGHs observed. This is  characterized in these studies may provide for a better under-
significant because it shows that the spillover process is inhibited standing of the reactivity of Cu/SiCratalysts and the results
by the presence of surface oxygen. may be applicable to other alkyl fragments from the dissociative

. adsorption of alkyl halides and other chemical systems, e.qg.
Conclusions methanol synthesis.
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