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Abstract

The interaction between carbon and hydrogen atoms on a Ru(0001) surfastadied using scanning
tunneling microscopy (STM), Density Functional Theory (DFT) and Sifvage calculations.
Formation of CH species by reaction between adsorbed H and C was obsencat teamtly at 100 K.
When the coverage of H increased new complexes of the form CH#aH. (2 and 3) were observed.
These complexes, never observed before, might be precursors for fiydhegenation reactions. DFT

analysis reveals that a considerable energy barrier exists for the ©H3H, reaction.

" Current address: Surface Chemistry Lab., RIKEN (The institupdysical and chemical research), 2-
1 Hirosawa, Wako, Saitama, 351-0198, Japan.

* Current address: Centre d’Investigacié en Nanociéncia i Nanote@@tg2 (ICN-CSIC), Campus
UAB, 08193 Bellaterra Spain.



1. Introduction

The interaction between carbon and hydrogen to form hydrocarbon speagsorgant in many
chemical reactions, including Fischer-Tropsch synthesis, wherebyocoabke is transformed into
methane and gasolines [1]. The mechanism of the reaction has been the subjegssivkestiedy [2-10].
Although the overall reaction is simply written as: nCO+(2n413HhH,0+CHant+2, it involves many
parallel and intermediate steps, such as CO activatignjig$ociation, hydrocarbon coupling, and
hydrogenation of unsaturated hydrocarbons. It is believed that a parfmuanf adsorbed carbon is
methanated through a series of hydrogenation reactions of interm€&tiateagments [2-4]. These
species adsorbed on various metal surfaces have been studied usingniptee high resolution
electron energy loss spectroscopy (HREELS) [7-9, 11-15], refleatisorption infrared spectroscopy
(RAIRS) [16] and temperature programmed desorption (TPD) [7-9, 1Blovgh CH, CH and/or CH
were observed after dissociative adsorption or thermal decompositiargef hydrocarbons [7-9, 14-
16], only CH could be formed by the reaction of atomic carbon and hydrogen [11-13, 16], suggesting
high stability of CH. Because CH was also theoretically foortaetmost stable among the Cépecies
on Ru [5, 6], which exhibits the highest catalytic activity inchex-Tropsch synthesis, hydrocarbon
chain-growth using CH as a primary monomer unit has been proposed [10].

To learn more about the atomic scale details of the reactionedretC and H, we have performed
scanning tunneling microscopy (STM) experiments on a Ru(0001) sunfattea-high vacuum (UHV).
Although this environment is far from that used in industry, it allowgo determine the structure,
stability and adsorption site of many species that play imporéeg m the reaction. With the help of
DFT-based calculations and STM simulations, we are able to deéthe geometrical configurations
of C and H atoms and the species they form, as well as toassttite strength of the interactions

involved. We found that CH is the most stable unit, forming readily a¥é00 K. We also found that




with additional H on the surface CH forms complexes with up to thredoms. These previously
unknown complexes are possible intermediates in the series of additive rel@etéhng to methane and

higher hydrocarbon formation.

2. Experimental

The experiments were carried out in a home-built liquid helium cooled &3tvument [17, 18]. Data
collection was always carried out at 6 K with a base presbetew 2x10* Torr using
electrochemically etched W tips cleaned by field-emission iV UK single crystal Ru(0001) sample
(5mmx5mmx2mm) was cleaned by several cycles Ofsputtering at 1 keV and annealing to 1500 K
by electron-bombardment. After the sputter-anneal cycles or after each $ENheant, the sample was
heated and cooled from 750 K to 1500 K in are@nosphere of 1-2 x T0Torr and finally annealed to
1650 K to remove excess O. The carbon atoms on the Ru surface were produced bysefjeegahe
bulk during the high temperature annealing. The concentration was avaysd 3 % of a monolayer
(0.03 ML). Atomic H was obtained either by dissociative adsorption,ahtdoduced via a leak valve

followed by annealing above 100 K or by thermal dissociation of co-adsogediddve 140 K.

3. Theoretical

Calculations involving a Ru(0001) slab with H and C species adsorbed fanedif forms and
configurations were performed within the DFT formalism, usingGI&A [19] approximation and the
SIESTA code [20]. In all cases, the simulation cell was p(4X4djive to the Ru(0001) lattice and the
metal surface was modeled by a 3-layer slab. All other edionl parameters were set to similar values
as those employed in Ref. [17]. We constructed the pseudopotentials figlldive Troullier-
Martins[21] scheme, and used a double zeta polarized (DZP) AOdeadm all atoms except for the
Ru d states, which were described by a single zeta shell. @z eatension of the orbitals was set
according to a confinement energy cost of 100 meV, and the accuracy in thgamsaBscenter integrals

was set defining a mesh cut-off of 200 Rydbergs [20]. The surfabeuBr Zone integration comprised
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4 Kk-points, corresponding to 64 k-points of the Ru (1x1) lattice. All atantise cell were allowed to
relax until the forces were smaller than 0.05 eV/A excepthierbbttom Ru layer, which was fixed to
the bulk geometry. We have checked, for selected structures, thabralusions are unchanged if
better converged parameters are employed (more complete AOsbgsisgher resolution in the real
space grid, larger k-sampling or an additional Ru layer at the bottom of the slab).

STM simulations were performed for many of the DFT optimizedcsires, although we will only
present some representative cases. The simulations were pérfoyrmaenstructing an infinite surface
using the DFT derived coordinates for the surface atoms and argenme block representing the tip
terminated with a sharp apex. The elastic current flowing fripntat sample (or vice versa) was
calculated using Green's function techniques [22]. The apex-samplel miistaace at each pixel was
adjusted until the desired current value was obtained. All simulatvens performed assuming 1 nA
fixed tunneling current and 100 mV sample bias voltage, which araktypimeling conditions used in
the experiments. Given the complexity of the STM system, th&TAEab initio Hamiltonian is
replaced by the semi-empirical Extended Huckel Theory (EHT@y #fting the EHT parameters in

order to reproduce thab initio surface electronic structure [23].

4. Results and discussion

4.1. Formation of CH from C and H

Figure 1 (a) shows a 4 nm x4 nm STM image of the Ru surfacaicimgt approximately 0.03 ML of
C atoms prepared as described in the experimental section. The C atoms appeassi®ae 30-45 pm
deep and approximately 0.5 nm wide. The depth and shape (circular oularardepend on the tip
conditions. The corrugation of the Ru atoms is low, around 2 to 4 pm underaginghconditions, and
they were not always resolved in the images. As we have showpreviaus paper [17], the C atoms
are located on hcp hollow sites of the Ru(0001) surface, where theysfaong bonds with the metal
atoms. This is consistent with the fact that surface diffusiagneaer observed during the experiments.

After addition of H, either from Kdissociative adsorption or from dissociation of co-adsorbed water
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after heating above 140 K, many of the C atoms changed their appeeraneedepression with a
central maximum, as shown in Figure 1 (b). We had previously idahtiiem as CH adsorbed at hcp
hollow sites [17]. In addition, small shallow depressions about 30 pm aleealso visible, which
correspond to H atoms adsorbed at fcc hollow sites of the Ru(0001) surface [17, 24-30].

Figures 2 and 3 show images from experiments where additig@alidls adsorbed at 140 K followed
by annealing to 180 K. This resulted in a surface covered by variocgespeacluding CH (~0.03 ML,
from the reaction of C and H), non-reacted C (less than 0.01 MI}0®@4 ML, as single atoms or
forming small 2x2 clusters), and H atoms (~0.05 ML). The H atorme s@metimes found occupying
nearest neighbor sites forming lines. Examples are shown neeertter and bottom left of Figure 3.
The Ru sites are marked by yellow dots in this figure to aithenidentification of adsorption sites.
These positions were established by experiments where atorolatices of the Ru was obtained, as
described in Ref. 17.

In contrast to C, the H atoms are easily perturbed by theielketd of the STM tip, which can cause
them to diffuse even when the tip is several nanometers awayhdareason the images need to be
acquired by scanning with bias voltages below 70 mV, and gap ress@ins@0 M2 or higher. This
type of electric field-induced diffusion has been observed for H on Pdf31}1)For example, the area
marked in Figure 2 shows a lower concentration of H atoms cause@\bgys scans in that area at
higher electric fields than those used for imaging.

The CH can be dissociated into C and H atoms by tunneling electeoesated from ~ 450 mV
voltage pulses, as demonstrated in Figure 4. A voltage ramp fronb5@tmV was applied to the tip
placed on top of the CH species marked by the arrow in Figure &ft@)the ramp, Figure 4 (b) shows
that the CH was transformed into atomic C (a roughly trianglépression) while the other CH species
remained intact. The high bias voltage necessary for this exgrisplaced the H atom away from
the image region. By measuring the dependence of the dissociation rate omgucureént (), one can
obtain the number of inelastic electrons (N) involved in the exmitaprocess, which follows the

relation R~ { [32, 33]. By fitting the data with this expression, we obtain N=2@4 for a bias
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voltage of 475 mV, as plotted in Figure 5. This indicates thatast ltwo quanta of the C-H stretch
oscillation (v = 372 meV) are needed for the dissociation of CH [8]. The energierhéor CH
dissociation istherefore is between 372 meV and 744 meV. Due to thdidseciation yield, 5x16"
events/electron at £1 nA, the voltage threshold could not be precisely determined andsdkcdition

events were obtained with voltages above 450 mV.

4.2 Formation of (CH+nH) complexes

In addition to the species described above (CH, C, H, and O), we alsbdomplexes of CH and H.
They appear in the images as a bright spot (~10 pm maximumydoaghcp hollow sites surrounded
by 1, 2 or 3 dark spots (~30 pm depressions) at nearby fcc hollow sites. Two such coarplexaked
with circles in Figure 3. The left column in Figure 6 shows exampf enlarged images of (CH+nH)
complexes with n=3 (a), n=2 (b), n=1 (c) and n=0 (d). The distance betiheeeenter of the bright spot
and each of the 3 dark spots in (a), (b) and (c) is #.8004 nm, which is close to 0.313 nm, the
distance between an hcp hollow site and the second nearest fcc h@kbwiedels of these complexes
are shown in the central column of Figure 6. Evidence for the natute (CH+nH) complex was
obtained by tip manipulation experiments, where voltage pulses ass|@® mV applied with the tip
over the complex could partially or completely remove the surroundigohis, leaving behind an
isolated CH.

STM simulated images of the (CH+nH) complexes, using the DFifnized geometries of the
models in the central column of Figure 6, are displayed on thehagiut side column. As can be seen,
the prominent features of the experimental images are reproduced quifBheadalculated topographic
corrugations: 10 pm height and 20 pm depth compare reasonably well also withehmental values,
which vary from 0 to 10 pm high at the center and from 15 to 30 pm deep at the perinpeted;rteon
the tip condition and tunneling parameters.

We have also analyzed other geometrical arrangements of H andaCean represent some of the

observed structures: for example, the linear arrangements oFigure 3. A calculated image for this
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particular geometry is shown in Figure 7 (b), together withhersatic diagram (c) and an expanded
view (a) of the image of Figure 3. Here again the agreermaaemarkably good. The tendency of H to
align to form one-dimensional chains agrees with IV-LEED erpamis of H on Ru(0001) [34], and
will be addressed in the next section.

It is possible that the (CH+nH) complexes are precursors fthefureaction (CH+nH»CHp.q,
leading to methane formation. Under our H coverage and sample tam@eamanditions, however, we
did not succeed in producing any new species, even by injecting tunnelotigpies from the STM tip,
which always resulted in diffusion of the surrounding H atoms avwaay the CH species at voltages
above 70 mV, or in CH dissociation for voltages above 450 mV, as statbé pprevious section.
Annealing the surface to 100-300 K did not produce any further hydrogenaditiioneeither. During
annealing experiments the total coverage of C and CH remainedammorast 0.03 ML, a result

independent of whether the H was produced by water dissociation grdigsdciation.

5. Energy calculations

The finding that CH is a very stable species is in line wighresult obtained by Barteau et al. using
HREELS [11, 12] The authors observed CH formation after exposingitfeees to H and heating to
370 K. CH, CHs; or CH; were not observed under UHV conditions. Using theoretical calculations
Ciobica et al. [5, 6] found that CH is the most stable species ambr@H; (x=0-4). When the
interaction between CH and H atoms was considered, CH+3H was fobedtte most stable among
CHa, CHs+H, CH+2H, CH +3H and C+4H. Their calculated structure for CH+3H is inde=ddme as
the one we calculated, although a somewhat smaller unit celempbyed in their simulations. The
authors also found a relatively high activation barrier from C+48He-3H, around 70 kJ/mol or 725
meV [6]. This does not agree with our findings where CH was forafiedl annealing a H-covered
surface to 100 and up to 260 K. Assuming a pre-exponential valué“afi2Gnd a probability of CH
formation at 100 K of 1/second (our experimental time scale),dinvation energy is estimated to be

approximately 260 meV. An activation energy of 725 meV would resulninmameasurably low
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probability of reaction in our conditions. However, Ciobica et al. coratusiat CH is more stable than
atomic C and H is consistent with our estimate of energy bmroieCH formation (260 meV) and

dissociation (higher than 372 meV).

5.1 The CH-H interaction

To gain an understanding of the CH and H interactions leading to thél€©EH, reaction on the
Ru(0001) surface, we performed total energy DFT based calculatiansiastion of the CH-H distance
along the [1100] direction,g.4. The CH species was placed on an hcp site in a (4x4) cell, aktl the
atom on the fcc site 7.91 A away from it. The H atom was thenadisgltowards the CH along a
straight line in 0.1 A steps until the separation between the two spesesd+=1.5 A, as indicated by
the arrow from the right in Figure 8 (b). For eacly.d distance, we relaxed all atomic coordinates,
except the in-plane H coordinates, and those of the Ru bottom laget (6 the Ru bulk positions)
[35]. Figure 8 (a) shows the evolution of the total enef§y@&H+H) along this trajectory. As expected,
we find a minimum at each hollow site, the far fcc site bevegnhost stable, followed by the second
nearest neighbor (nn) fcc site, fcc2, and finally the third nn hcphgips. Diffusion from the fcc2 to the
nearby hcp3 position across the bridge site yields a small ebarggr of around 0.13 eV. Diffusion
over the top site shown in the graph involved a much larger barrigun@r0.5 eV). When ¢y
becomes less than 3.0 A, the total energy increases rapidly ldsstiiftss from the fcc2 site towards the
CH over the top site and GHtarts to form (at@.4 ~1.5 A) (Figure 8 (a)). In principle, one may think
that this repulsive interaction is due to the fact that the ldsecross over a top site, i.e. overcome a
large energy barrier of around 0.6 eV, when approaching the CH. Whppréhahes the CH from the
left side in Figure 8, starting at the hcp2 site and over thet®pesar 3 A, a shallow minimum is found
at the first nn fcc site, fccl. Although unstable relative tootier fcc sites located farther away, this
minimum could possibly be filled at high H coverage, when all othes sire full. It could thus be an

intermediate state in the formation of £MVe have not found any experimental evidence for this at the



H coverage of this study (<0.25 ML). Experiments to explore the phigsdsiCH, formation at high H
coverage are being planned.

We have also calculated the CH-H bond energy in the gas phaskli(sliand that when adsorbed
on Ru (dashed line) as a function of the distance as shown in Figaye\@8¢ obtain an almost zero
interaction for all dy.4 values in the adsorbed case, meaning that the CH-H bonding irterantihe
surface is very small, even attaining negative values (slighplylsive) for a certain range of distances.

In other wordsthe Ru surface screens almost completely the CH-H attraction

5.2 Effects of H-coverage

The energetic hierarchy among hollow adsorption sites deduced in theugrsubsection seems to
be in contradiction to the experimental evidence showing that (CHemidplexes form quite often. A
possible explanation can be sought in the fact that experimertetly is always additional H on the
surface around the (CH+nH) complexes. We thus performed total ecg&igyations for (CH+nH)
complexes under various H coverage values, compatible with the (4xdlagon cell. Assuming that
H adsorbs always at fcc sites, and excluding the 3 fccl sitesuading the CH at the hcp position,
there are up to 13 fcc sites available in the (4x4) cell. Thexefor each (CH+nH) complex, the
number of additional H atoms in the cell, mH, can be varied from m%G-n. For each (CH+nH)+mH
case, we have performed at least one total energy minimization for a givemgtareant [36].

We define the average H adsorption energy,.EH per (CH+nH)+mH configuration as:
EHage ((CH+nH)+mH) = {-E"Y(CH+nH)+mH) + EYCH) + (n+m)E(H)} / (n+m). A summary of
these averaged adsorption energies for all the models studiedeéstectin Figure 9 as a function of
(n+m), the total number of H atoms in the cell. Gray, solid, dashed@tetl lines correspond to the
most stable configurations found containing a (CH+nH) complex withh=Dand 3, respectively. The
additional data points in the graph correspond to alternative, les® dthldrrangements. It is
immediately apparent that the adsorption energy,EHdecreases by nearly 100 meV from the lowest

to the highest coverage. Secondly, at low and medium H coverage,dher gshe n, the more stable is
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the system. As can be seen, at high coverage all curves convesigalar values, and the difference
between adsorbing H at an fcc2 site or at another fcc positionyisadelv meV, in the range of the
numerical accuracy of the calculations. Such small differenéesatimple explanation to the frequent
presence of (CH+nH) complexes on our surface when the concentration of H increases

The insets in Figure 9 illustrate the H arrangements for ttepeesentative cases having n+m=3.
Interestingly we find that the most stable configuration involveacadit H atoms aligned in straight

lines linking the CHs. The one dimensional arrangements are l\gligidre favorable than two

dimensional ordered phases (e.g. (2x2NoB&v 3) H networks). This result is fully consistent with the

presence of dark lines in the experimental observation (Figure 3 aaslwgll as an early IV-LEED

experiment [34].

6. Conclusions

We have studied the structure and interaction between C and H atd®og0@®1) at the single atom
level using low temperature STM. The results obtained provide dedetacture of the species that
form, which, in addition to C and H include CH, confirm earlier finditigg the most stable species is
CH and that it is adsorbed on the hcp hollow site. The easy formatioH,odt temperatures of 100 K
indicates that the activation barrier for this reaction is ofditer of 260 meV. On the other hand,
tunneling electron-induced CH dissociation experiments indicate arhilggsociation energy barrier,
between 372 and 744 meV, confirming the higher stability of CH than its reactants C and H.

One of the most interesting findings is the identification of corgdef the form of CH surrounded
by 1, 2 and 3 H atoms in the second nearest neighbor fcc positions. Thesrigly unknown
complexes are stable and form abundantly when the surface is crawtidddl atoms. They are possible
intermediate species in the reaction pathway leading to methianginder the low temperature (up to
300 K) and low H coverage of the present experiments, however, fugdation to form Chl CH; and

CH4 was not observed.
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The theoretical calculations of total energies for a varietid @nhd CH geometries, along with the
calculated STM images allowed us to draw a detailed picturgcagdin a deeper understanding of

some of the surface reactions involved in the initial steps of methane anchiatgsrarbon formation.
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Figures

Figure 1

STM images (4 nm x 4 nm) of Ru(0001) acquired at T = 6 K. (a) Suctadaining approximately 0.03
ML of C prepared by segregation from the bulk. The C atoms appempasssions (black spots). (b)
After introducing H atoms (from water dissociation in this experit), C is converted to CH (bright
protrusion surrounded by a dark ring). A similar transformation occilts M/ obtained from K
dissociation. Individual non-reacted H atoms appear as smaller dask Spoheling condition in (a) is
Vsampie50 mV and £295 pA, and (b) Vampie9 mV and 495 pA. The total z scale is adjusted to be 50

pm in both images.
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Figure 2
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STM image acquired at 6 K (15 nm x 15 nmanhpie25 mV and =195 pm) after introducing H atoms
from water dissociation after heating to 180 K. Oxygen atoms (etular depressions forming small
2x2 aggregates), CH, H and (CH+nH) complexes can be observed.e@henalosed within the broken
line had been previously scanned at higher bias voltages that causksptaeement of most of the H

atoms away from the region.
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Figure 3

Lines of H H O CH+3H CH+2H
Hatorns

STM image at 6 K (4 nm x 4 nm,s\pe24 mV and 52 pA) showing C, H, CH and (CH+nH)
complexes on Ru(0001). The surface was prepared by dosidgaH150 K on the Ru(0001) surface
containing 0.03 ML of C, followed by annealing to 200 K. Small dots inditeteposition of the Ru
atoms. Two circles mark the position of (CH+3H) (top) and (CH+2id}t¢m) complexes. The few O
atoms visible at the bottom and top left of the image originated fvater dissociation. All species
reside on hcp hollow sites, except H which occupies fcc sites.a@Naigo the dark lines due to H atoms
aligned in the compact crystallographic directions near the botéfimahd center of the image,

connecting (CH+3H) complexes.
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Figure 4
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STM images at 6 K (4 nm x 4 nmsMpie10 mV and 500 pA) acquired before (a) and after (b) CH
dissociation induced by applying a voltage ramp from 0 to 0.5 V with &al isét point of 10 mV and
50 pA with the tip stationed over the CH species marked by the amrda). The CH species is

transformed to C and the dissociated H has been displaced awayh&ramage by the high electric

field from the tip during the voltage ramp.

15



Figure 5

102 -

100} | éf
- -’f"]r.r
i yd
L 100 |- .l//*".
W ’
o 10| f,_f’

r/r-
2
e 1 10
| (nA)

Log-log plot of the CH dissociation rate vs. tunneling current at the timeeot éduring the pulse). The
bias voltage was kept at 475 mV. From the slope of the plot, thevesdt found to be proportional to
122294 Thjs indicates that two electrons are necessary to e@nateuanta of C-H stretch oscillation,

which result in the rupture of the bond.
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Figure 6
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(a)-(c) enlarged STM images (1 nm x 1 nmafie19 mV and 200 pA) showing three (CH+nH)

= n (©

(n=1-3) complexes and CH (d). The gray scale of all four imegesijusted to be 90 pm for easier
comparison of contrast. (e)-(h) Schematic models of the geonmewitdeguration employed to simulate
the experimental images. All geometries were optimized by energy mation in DFT calculations, as
explained in the text. (i)-(I) Simulated STM images for eaptimized model employing a W tip

(tunneling conditions set tos¥mpi=100 MV andF1 nA).
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Figure 7

(

(a) STM image (2 nm x 2 nm,s¥pie24 mV and 52 pA) extracted from Figure 3 containing a linear
structure of H atoms (vertical dark band connecting 2 CH+3H complekies feature in the center is

due to a CH species, not H. The location of the H atoms is indibgtdee small superimposed yellow

dots. (b) Simulated STM image corresponding to the schematic geahetnfiguration in (c). Black

dots in (b) indicate the site of H and CH.
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Figure 8
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(a) Graph of total energy of the systenf{EH+H), calculated by DFT, as a function of the CH-H
distance, gy.n. The origin of energy has been set at the configuration of thestatd¢ structure, with

H at an fcc site far (~8 A) from the CH. The plotted enerduesagive the energy difference with
respect to this site, with positive values corresponding to leske saarangements. (b) Sketch of the
Ru(0001) surface with the CH adsorbed at the hcp site, correspondipg#e0d The arrows indicate
two H trajectories used in the calculations as it approach&sHHeom the right and left directions. (c)
Solid line: CH-H bond energy in the gas phas§CBl+H) = -E%(CH+H) + E(CH) + E(H), where
E%(X) gives the total energy of species X and the superscriingls for the gas phase, as a function of
the CH-H distance; dashed line: CH-H bond energy with both spedsesba&d on the Ru surface,
BRYCH+H) =—ERY(CH+H) + EY(H) + ER(CH) — E™Y, where EY(X) refers to the total energy of the Ru
slab with species X adsorbed on it altf §ives the total energy of the bare Ru slab. The formation of a

CH-H bond, favorable in the gas phase is suppressed by the presence of Ru.
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Figure 9
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Average adsorption energy per H atom for the Ru(0001)-(4x4)+((CH+nHH)systems as a function
of the total number of H atoms (n+m) in the cell. Gray, solid, dashddlotted lines correspond to the
most stable configurations found containing a ((CH+nH)) complex with b=2 and 3, respectively.
Additional data points are for different, less stable configuratibns.insets sketch the H arrangement
for three different cases satisfying n+m=3. The linear aeraegt of H atoms (top inset) is the most

stable of the three.
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