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Abstract

The reaction of formaldehyde has been studied on the surfaces¢1WQ) single crystal and polycrystalline Yvost of
adsorbed formaldehyde on the single crystal at room temperature reacted to give ethylene during TPD. On the polycrystalline
surface, IR analyses showed that the main species presentin the 88—200 K temperature domain are poly- and dioxymethylene.
These species are mainly converted to stable formates that decompose at high temperature (above 550K). The apparen
activation energy for the reaction of the oxymethylenic species to formates in the 250-450K region (calculated from the
intensity of thevy, COO IR band of formates, at 1575 cf) is found equal to 12 kJ/mol. Overall, both surfaces (single crystal
and polycrystalline) give qualitatively the same products, with the exception of formation of traces of methyl formate in the
case of powder. However, the single crystal is far more active for the reductive coupling of formaldehyde to ethylene than
the polycrystalline material. The difference in reaction selectivity between the single crystal and powder work is attributed to
the method of preparation of the polycrystalline $J@aterial (made by btreduction ofa-U3Og) rather than to an intrinsic
difference between both materials.
© 2003 Published by Elsevier B.V.
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1. Introduction not encountered by the early transition metals (such
as making of furan from C2 compound8] and
The reaction of small organic molecules with the tetramerisation of CO to enedionediolatgy); (3)
surface of uranium oxides is of importance for several the uranium oxide system, one of the richest systems
fundamental and applied reasons: (1) because largewith over 30 different crystallographic phases, de-
amounts of nuclear fuel are stored in water that ul- pending on the O/U ratio and preparation conditions,
timately contains organic moleculés]; (2) probing lends itself naturally to oxidation/reduction reactions
into the actinide elements (f-orbita]2]) may trigger [4].
other reaction pathways for simple organic molecules  The reactions of formaldehyde have been investi-
gated over several polycrystalline and single crystal
T Goresponding author. Fax:64-0-373.7422. pxides surfaces. These include 3i(5,6], V-Ti ox-
E-mail addressh.idriss@auckland.ac.nz (H. Idriss). ides[7], ZnO[8], ZnAl>O4 [8], Cu-ZnO-AbO; [9],
1 Present address: Materials Technologies Group, Industrial Re- 11Oz [10], and CeQ [11] by several groups. Several
search Limited, P.O. Box 31-310, Lower Hutt, New Zealand. reactions were identified depending on the nature and
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prior treatment of the oxide: reduction to methanol,
oxidation to formic acid, decompaosition to CO/gO
and H/H0, dimerisation to methylformate (Tishch-
enko reactiorf12]), reaction with CO/H to ethylene
glycol on RhO3 [13], reductive coupling to ethylene
on TiO, [14] and CO insertion to coordinated diols
[15]. Two land mark articles treating the reaction of
formaldehyde on oxides deserve particular attention.
The first (Busca et al[10]) treated the vibrational
frequency of species resulting from the adsorption of
formaldehyde over a variety of oxides &3, ThO;,
ZrOy, TiO2, MgO, and FegOs) while the second (Ai
[12]) focused on the catalytic reaction. The main ob-
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A 1mm thick UQ(111) single crystal with
~20mn? area was used in all experiments. The
UO2(111) single crystal mount was published pre-
viously [18]. Surface cleanliness and stoichiometry
were checked by LEED and AES prior to experiments.

The dosing of formaldehyde (by decomposition of
paraformaldehyde) for TPD experiments was carried
out by positioning the crystal in front of the dosing
needle, which gave a gain of3.3 times compared
to the back filling method. A heating rate ofo0 +
0.05K/s was used in all the TPD experiments through
a calibrated power supply.

served species on most of the oxides were formates2.2. Quantitative analysis of TPD peaks

[10], and the main reaction product was methylfor-
mate[12]. It is also worth reminding of the pioneering
work of Tanabe and Saito on a series of alkali oxides
[16] and the interesting correlation between the oxide
activity to ester formation from aldehydes and the
basicity of the oxides.

In this work, the reaction of formaldehyde is stud-
ied on UQ(111) single crystal and on UQpowder
for the following two reasons. First, to compare the
reaction of the (11 1) oriented UGingle crystal (the
(111) surface is the most stable surface of the fluorite
structure[17]) to that of the polycrystalline. Second,
to study the evolution of the adsorbed species by IR
as a function of temperature. The single crystal study
was conducted by low energy electron diffraction
intensity versus time (LEED-T) experiment and
TPD, while the polycrystalline study was conducted
by TPD and IR.

2. Experimental
2.1. UG(1 1 1) single crystal

A stainless steel ultra high vacuum (UHV) chamber

Due to mass spectrometer sensitivity TPD peaks
areas must be corrected. These correction factors are
calculated following the method of Ko et &1.9]. All
TPD spectra presented are in their raw form with-
out smoothing. The areas of the peaks in the TPD
were calculated with the trapezoid rule, a mathemat-
ical integral method used to calculate the total area
under many data points. The area of the peak was
subtracted from the background of the chamber. The
computed correction factors relative to CO are as
follows—formaldehyde:n/z 30 = 3.41; CO: m/z
44 = 1.34; ethylenem/z 27 = 3.55; and methanol:
mz31=217.

2.3. Sticking coefficient determination

The adsorption of formaldehyde on the surface of
UO2(111) single crystal was investigated through
LEED intensity versus time I€T) experiment by
assuming that the decrease in intensity of the diffrac-
tion spot is proportional to the number of adsorbates
[20] LEED image of this single crystal is shown in
Fig. 1L The experimental set-up involved a computer
interfaced digital camera (Hitachi) mounted on the

was used for both temperature programmed desorptionviewport of a back-displayed OCI Vacuum Micro-
(TPD) and adsorption measurements. It was pumped engineering four-grid LEED/AES optics, with the

by a 1200 L/s Varian diffusion pump, a titanium sub-
limation pump, and 270 L/s Perkin-Elmer ion pump,
at base pressure of less thar33x 10-19kPa. The

system contained an OCI Vacuum Microengineer-
ing four-grid LEED/AES optics, a Hiden quadrupole

data acquisition of the LEED diffraction spot inten-
sity measurement performed by the SMARTLEED
software from VG Microtech. The Van der Waals
radius of formaldehyde is close to 2.05A, while the
distance between two U atoms (or two O atoms) along

mass spectrometer, an argon ion sputter gun, and athe (111) surface is 3.87 A. It is thus reasonable to

molecular beam source region.

assume that total coverage will be obtained with a
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Fig. 1. LEED pattern of U@(111) single crystal. Also shown two representations of the (11 1) fluorite surface (rotated )by SMow
the hexagonal pattern (axésto the plane of the page) and a formaldehyde molecule close to the surface (atoms of HCHO are not drawn
with the same surface atomic scale).

HCHO to U ratio equal to 1. By first normalizing are manipulated as described above. All IR spectra are
the I-T curve with respect to the total U cation sites, subtracted from the fresh UGample.

7.71 x 10 atoms/crd, on the surface (and assuming

coveraged = 0 before formaldehyde exposure and

6 = 1 when the curve reached a plateau), the sticking 3. Results

coefficient,s, can be determined via the expression,

s = (dn/dr)/flux, where the flux (molecules per ém  3.1. UQ(1 1 1) single crystal

per second) is expressed #3,/2rmkTy or more

generally equals.B3 x 1024P//T(9,W (PinPa,Tyin Fig. 2 shows the re;ults of the L'EE.I}T experi'—.

K andM in gmol1). For the adsorption of formalde- mentg for the calculation of the ;tlcklng propablllty
hyde on UQ(111) single crystal, the-T experiment foIIO\_/vmg the_ method descrlt_)ed in the experimental
was conducted at 108.3 eV incident beam energy with section. No integral order diffraction LEED pattern
a beam current of-1.35p.A at 300K. LEED diffrac- ~ Was observed at any stage of thd measurements.
tion spot intensity measurement was acquired at every 1 1€ Sticking probabilities a# = 0.15 andé = 0.5
10s interval, and a calibrated chart recorder was usedVere 014 0.02 and 005+ 0.01, respectively. This

to record the formaldehyde exposure pressure during is almost four times smaller thgn that of fqrmic acid
the I-T experiment. [24] on the same surface, and in accord with the low

sticking probability of aldehydes (less polar) when

2.4. Polycrystalline UQ compared to their carboxylic acids counterpart, on
polar surfaces in general.
Polycrystalline UQ was prepared by fHreduction Fig. 3 presents the product distribution during TPD

of a-U30g as previously reportef20]. The TPD and after 103.5L HCHO adsorption at room temperature,
IR set-up are described elsewhf&&-23] TPD peaks while Table 1presents the relative yields and peak
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Fig. 2. LEED-extracted sticking coefficiers)(of HCHO on UGQ(111) at 300K, as a function of total coverage. The inset shows surface
coverage as a function of HCHO exposure.

temperature of these products. A weak desorption in two peaks £400 and 500K). While the desorp-
profile of un-reacted HCHO is seen at 350K. The tion of the 400K peak is coincident with that of
coincident desorption ofiVz 28, 27 and 26 at 400
and 450K indicates that these fragments are due to ble methoxide species are present on the surface. The
CH2=CH,. Small amounts of methanol are also seen presence of both methanol and ethylene is due to re-

Desorption Rate (Arbitrary Units)

. = CHOH
%0 %og, o

% m%gﬁf% x1

miz 44
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m/z 30
g x 1/10

m/z 31
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Fig. 3. TPD after HCHO (ca. 100L) on U@L 11) single crystal

at 300K.

formaldehyde, that at 500K indicates that some sta-

duction reactions occurring on the surface while CO
and CQ are most likely due to decomposition of for-
mate (formed from the oxidation of HCHO) to GO
and CO. B and HO could not be accurately mon-
itored due to their relatively small desorption. TPD
was also conducted after several dosing increments,
at low dosing<10L no resolvable peaks other than
HCHO were observed while increasing the dosing
above 100L did not result in observable changes in
the relative yields, within experimental errors.

3.2. Polycrystalline U@

Both XPS and XRD have confirmed that the cu-
bic fluorite phase of U@ is obtained by hydrogen

Table 1
Product desorption during HCHO over Y@ 1 1) single crystal
Products/reactant Peak temperature Selectivity ~ Relative
(K) yield
HCHO (m/z 30) 350 - 1.00
CHy=H, (m/z 26) 400, 450 0.87 6.52
CO (m/z 28) 600 Traces Traces
CH3OH (m/z31) =400, 500 0.03 0.04
CO, (mVz 28) ~600 0.10 0.21
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Fig. 4. TPD after HCHO (surface saturation) on polycrystalline,(d(1 1) at 300 K.

reduction of a-U30g (orthorhombic) for 12h at  shape of the methanol peak indicates that it is a des-
101-33kPa[21]. Fig. 4 shows TPD following orption limited process, i.e. methanol is most likely
formaldehyde adsorption on YQpowder at 300K  formed upon dosing (due to the reaction of formalde-
and the quantitative analyses are givenTable 2 hyde with surface hydrogen left after the reduction
Two well-resolved peaks for formaldehyde desorp- process). Unlike the single crystal case relatively
tion are seen at 355 and 385K. Only traces of H large amounts of C@are seen at high temperature (a
desorb with the first peak. The second formaldehyde large peak centered at600 K). The main difference
peak desorbs with other reaction products: ethylene, with the single crystal results, however, is that of the
methanol and methylformate (small desorption of formation of methylformate in the case of the pow-
COy is also seen). It is interesting to note the symme- der. This is most likely due to pressure effects (and
try of the methylformate desorption, an indication of not intrinsic to the polycrystalline material). While
the expected second order desorption. The first orderpowder TPD is conducted at 1.3310 2 kPa that of
single crystal is below 1.38 10~ 1%kPa and is thus
less favorable for recombination reactions.

Fig. 5 shows IR of formaldehyde-adsorbed YO
powder at 88 K with the insert showing the increase in
the IR signal as a function of exposufég. 6 shows

Table 2
Product desorption during HCHO over polycrystalline 4001 1)

Products/reactant ~ Peak temperature Selectivity ~ Relative

K ield . .

i ye the effect of heating the dosed surface to increment
HCHO 340-350, 380 - 1.00 650 K. whilsia. 7 s the i
ChHp=H 380 0.16 0.01 temperature up te » whileig. 7 presents the in-
Methylformate 385 0.08 0.005 tensity of the main IR peaks &fig. 6 as a function of
CH3OH 380 0.59 0.04 temperature.
Co, ~600 0.13 0.008 Upon dosing of HCHO at 88K bands at 1128,

Ha 300-400 0.03 0.002 1040, 975 and 950cnt are seenFKig. 5). Heating
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Fig. 5. IR bands observed upon HCHO adsorption on polycrystalling &i(B8K at different exposure.

to 183K changed the relative intensity and position sorbed formaldehyde im! (80K) and n? (250K)

of these bands. The bands at 975 and 950%ckhift
to 943 and 912cm* and a band at 1240 cmh ap-

configurations on Ru(001pR2 x 2)O [25] single
crystal, bands of adsorbed HCHO on Mo(110) sin-

pears. These bands decrease with heating and bandgle crystal[26] at 200 K, bands of paraformaldehyde
attributed to formate species emerge; clearly from [27], and bands attributed to dioxymethylene formed
328K and are dominant by 532 K. Formates start to from HCHO on ThGQ at 240 K[10].

decompose by 473K and sharply decrease in inten-
sity at 693 K. In order to analyse the dataHRigs. 5
and 6 Table 3has been constructed from results of
other workers. InTable 3the IR bands of gas-phase
HCHO are presentef®5], also shown bands for ad-

The absence of the band at 1745¢ntlearly in-
dicates that HCHO is not present ift configura-
tion. Most of the formaldehyde is present in a poly-
oxymethylene and dioxymethylene form. The band
at 975cnT! has been observed by other workers on

Table 3

IR bands following adsorption of HCHO over several oxides

Assignment HCHO Polyoxymethylene Dioxymethylene n* HCHO n?> HCHO HCHO HCHO HCHO UG,
gas-phase [27], (CH20), ThO, [10], Ru(111)- Ru(111)~ Pd(111) UO; (80K) (183K +)
[25] (OsCH20) O [26], O [26], [37] this work this work

H2COy H2C(a)Oa

vCO 1746 1070 1660-1680 980 1695 975

va(OCO) 1097 1120 1128 1125

vs(OCO) 932 945 950 943

p(CHy) 1249 903 920 1195-1240 840 885 nr 912, 1240

®(CHy) 1167 1381 1405, 1410 - 1160 - 1178

(V=Ti-0) [7]
3(CHy) 1500 1508 1495, 1478 1465 1450 - -

(V-Ti-0) [7]
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Fig. 6. Effect of increment temperature on the IR bandsHigf 5 following HCHO adsorption on polycrystalline YO

Mo(111) from formaldehyde (at 980 cth) but was ture methanol has desorbed. This band is thus not as-

not assigned. This band is unstable since it disappearssigned tov(OC) of methoxides. The out of plane C—H

by 183 K. Based on results of HCHO on Ru(111)-O deformation of formic acid on AfL11} has been

it is tentatively attributed to;? HCHO that react to  seen at 1078 cm and that of formate on the same

give some methoxides. surface at 1050 cmt [28]. Over CeQ(111) single
Upon heating, bands attributed to formate species crystal this out of plane deformation mode was seen

are clear. v,(CO0O) at 1570cm!, 1(COO) at  at1055cnt![29] and that of HCOONa at 1078 cth

1367 cnm! ands(C—H) at 1387 cmt. These bands are  [30]. A similar band (although at 1025 crh) was ob-

very similar to those reported upon dosing of formic served upon dosing of HCOOH over polycrystalline

acid over polycrystalline U@[42]. The separationbe-  UO; [42]. The appearance and disappearance of this

tweenv, andvs of ~200 cnt 1 indicates that formates  band with those of; andvs of the COO bands tend

are in a chelating mode and not in a uni-dentate mode to assign it to out plane deformation of formates.

(bridging configuration is highly unlikely because the

U-U distance is far larger than the distance between

the two O atoms of the carboxylate group (ca. 2A): 4. Discussion

the shortest distance is 3.87 A for the (111), (110),

and (01 1) surfaces of the fluorite structure). Abandat  The most stable surface of the fluorite structure is

1085 cnt! appears upon heating to 430 K and follows the [11 1] oriented. The surface is O terminated fol-

formate species. TPD has shown that by this tempera-lowed by an all U atoms layer and then followed by



318 S.D. Senanayake et al./Catalysis Today 85 (2003) 311-320
800 80
4.2
E 3.9 -
o~ %
600 | 915cm! ! .“ . :E 3.6 A —+ 60
r 1575cm! @ 8

@ ] ] =1 3.3 —
= 1 ' =
5 ' - 5
. 1 . .
- ©

g 400 | @ |‘ 1575 le 1 40 5
2 . 27 . . =
% L 0.002 0.0025 0.003 0.0035 é
k= ' /T (1/K) =
e - e
£ 200 - @ . L2 &

[ ]
0 I 0
100 300 500 700 900

Temperature (K)

Fig. 7. Change of main peaks intensitiesFad. 6 as a function of temperature. The inset showsJ600) of formates as function of T/

an all O layer, the U-U is 3.87 Alable 4shows some
properties of the surface of YQwith a comparison
to CeQ (also a fluorite) together with main TPD re-
sults. Although the reaction of C1 and C2 carboxylic
acids was investigated over Cg@1 1) no work has

TPD results comparing the reaction of formaldehyde
and formic acid over single crystal and powder 3JO
are also shown ifable 4 A very good similarity is
noticed with the exception of ethylene formation on
the single crystal and of methylformate formation on

addressed the reactions of aldehydes yet on the sur-the powder. Ethylene yield is far higher on the single

face of other well-defined fluorites. Both Cg@1 1)
and UQ(1 11) surfaces have very similar properties.
Both surfaces have some mild reduction effect on
formic acid; formation of few % of formaldehyde.

Table 4

crystal and this is most likely due to the method of
making UG powder rather than an intrinsic differ-
ence. UQ powder is made by ptreduction ofx-U30g

and this leaves large amounts of H atoms on the

Comparison between some surface and bulk properties oh @e® UG and their surface reactivity

UO2(111) single crystal

U@ polycrystalline

Ce@(111) single crystal

Surface energy (J/A—relaxed
Bulk defect equilibrium (eV)
Bulk Ega+_c2-) (V)

Viad(0%") (8V), Vmad(M**) (eV)

1.069 (Ref[17])

HCOOH/TPD Reduction to HCHO 1.4%,
CO/CO;, = 1.21 (Ref.[24])
HCHO/TPD CO: traces, reduction to

CH>=CH; = 87% (this work)

9.8 (Ref39])

9.7

21.4-39.9 (Ref[40])
Reduction to HCHO 3%,
CO/CO;, = 1.43 (Ref.[42])
CO: traces, reduction to
CH3OH = 59% (this work)

1.195 (Ref.[38])

6.58 (Ref. [38])

10.0°

21.7-40.3 (Ref[41])
Yield of HCHO 4.1%,
CO/CO;, = 4.5 (Ref. [29])

20/%" +2Ca* — (1/2)02(g) + Vo + 2Ca>".
b Calculated following the method given in Ré89].
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surface as well as in the bulk. These H atoms will vation energy of~12kJ/mol is computed. This can
react with adsorbed formaldehyde making methanol be related to that required for H abstraction from
(59%). On single crystal the small amounts of H dioxymethylene to make formates.
atoms are provided from the total decomposition of In summary the main reaction pathway of
HCHO (and some from the bulk that have diffused to HCHO over UQ(111) single crystal is coupling to
the surface during TPD) have little effect on the reduc- CH>=CHy,, while that on polycrystalline U®(formed
tion process. This allows HCHO to reductively couple by Ha-reduction ofa-U3Qg) is reduction to methanol.
to pinacolateg431] that leave the surface as ethylene IR analyses indicate that HCHO is adsorbed in a di-
(87%) putting extra O atoms on the surface. AJan and polyoxymethylenic forms. A large fraction of
accommodate large amounts of excess O up tg 440  these stable species leave the surface after hydrogena-
in a superstructure (2:2:2) configuratif@2]. We have tion as methanol. The remaining fraction is dehydro-
previously found considerable formation of ethylene genated to formates. From the intensityig§(COQ)
from formic acid over Af-sputtered U1 1 1) and of formates in the 250-450 K temperature domain an
attributed this to reductive coupling of formaldehyde activation energy of 12kJ/mol is computed for the
formed from formic acid24]. This is also in line with dehydrogenation of dioxymethylene to formates. The
results of higher aldehydes and ketones over reduceddecomposition of formates (mainly to GDoccurs
UO,(111) single crystal where C4 and C6 hydrocar- at 600K for both surfaces. The similarity between
bons were formed from acetaldehyj@8] and acetone  the main reaction product (G and reaction tem-
[34], respectively, by coupling reactions. Actually U perature (600 K) for formates decomposition over the
is very active for the reductive coupling of aldehy- single crystal and the polycrystalline surfaces ofJJO
des and ketones as evidenced by numerous works ofindicates the absence of pressure and textural effects
organometallic chemist85,36] It was not possible  for the decomposition pathway.
however, in this work, to make the polycrystalline
oxide active for this reaction because of the presence
of excess H atoms. We are currently investigating the Acknowledgements
possibility of making small U@ clusters (by thermal
decomposition of (UCH3;COOH)-2H,0)) on the S.D. Senanayake thanks RISIS PTE Ltd., Singa-
surface of Si@ and TiG;, as an alternative method for  pore, for granting a PhD scholarship.
making polycrystalline U@ active for the reductive
coupling reaction.
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