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Abstract

In this paper we present DFT studies of all the elementary steps in the synthesis of ammonia from gaseous hydrogen and nitrogen over &
ruthenium crystal. The stability and configurations of intermediates in the ammonia synthesis over a Ru(0001) surface have been investigated
both over a flat surface and over a stepped surface. The calculations show that the step sites on the surface are much more reactive than t
terrace sites. The DFT results are then used to study the mechanism of promotion by alkalies over the Ru(0001) and to determine the
rate-determining step in the synthesis of ammonia over the Ru catalyst.
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1. Introduction NH3 molecule, thermal desorption spectroscopy (TDS) stud-
ies show two different chemisorption states, denatgdnd

In the Haber—Bosch process ammonia is synthesized di-22 [14]. Thew; state desorbs at about 310 K and is the only
rectly from gaseous nitrogen and hydrogen over catalytic °N€ presenfc at low cove'rages.Athighercoverages both §tates
particles. The catalyst mostly used is based on iron [1], but &€ Seen withx, desorbing at about 180 K. The adsorption
ruthenium is more active and a ruthenium-based catalyst hasSites and geometries of these two states have not been found
been commercialized recently [2,3]. The catalyst is, how- with certainty but b.oth the on-top site and the hollow site,
ever, not nearly as common as the iron catalyst due to the@d even the coexistence of both of them, have been sug-
high price of ruthenium and the shorter lifetime of the cata- 9€sted [14,17,21].

lyst [4]. Also theoretical studies have directed their attention to
In the following we will outline the detailed reaction ~NHs synthesis over a Ru surface, but DFT studies for other

mechanism for ammonia synthesis over Ru. steps in the reaction than the; Missociation [22—26] are
The first step in the reaction over a Ru surface, thelis- rather few. An estimate of the energetics along the reaction

sociation, has been widely studied experimentally [5-10]. patr: was firs:]prgsentgq by Rod etal. [27] allnd later by Zha:}ng
Other steps in the reaction have also been investigated inSt al. [28], who in addition t9 adsorptlpn also estlmatedt N
experiments [11-18]. This is usually done either by decom- barriers for the hydrogenation steps in the reaction. Zhang
position of NH [15], NaHg [16], or NH,CHO [17] or by et al. included the influence of step sites on the surface for
letting adsorbed nitrogen and hydrogen react [18]. The reac-fhartsﬁOf the proiless in their study, but they concluded that
tion intermediates can then be identified by their vibrational ecealgﬁlaﬁ;:;ahéve also been used as a tool in the identifi-
spectra, and in this way adsorption 'sites and configurations ation of reaction intermediates on the surface. This has been
can be deduqed forthe surfacg Species pregent [11’14’1.9'20E0ne by calculating vibrational frequencies for an interme-
The adsorption of the reaction intermediates, especially q

. . . : iate and comparing it to the frequencies found in the exper-
NHs, is the subject of many discussions [14,17,18]. For the iments discussed above [20,29,30]. The adsorption energies

and vibrational frequencies have been estimated with DFT
* Corresponding author. both for the NH molecule [29] and the NH species [20].
E-mail address: norskov@fysik.dtu.dk (J.K. Ngrskov). The subject of the former calculations was the adsorption of
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NH3 on a Ru cluster [29,30]. From these calculations and 02

comparison with experiments they suggest a threefold hol-; 0.0 1 el § ARy V]

low site as the most stable adsorption site forfNFrom the 2 02 /\'\‘ ] ) 050 0N12

DFT calculations for NH adsorbed on a Ru cluster Stauferets | | 1 (2x2) 025  -0.28

al. [20] suggest the same adsorption site for NH. (3x2) 017  -0.29
Below we present our results from DFT calculations for 06 1

: : T 3 4 5

all the elementary steps in the reaction over a Ru(0001) sur- ) number of layers .

face. First we describe the calculational method. Then the )

adsorption of reaction intermediates will be considered in Fig. 1. The adsorption energpEn ) of an atomic nitrogen on a Ru(0001)

addition to the reaction barriers. The promotion mechanism as a function of (a) number of layers and (b) surface coverage. The reference

over the Ru(0001) surface is next studied and finally we use energy is the clean Ru slab and thg Molecule in the gas phase. The use

the results from the DFET calculations to confirm that the of two layers introduces only about 0.05 eV error compared to the more
o . converged results using four- and five-layer slabs.

rate-limiting step of the reaction over the Ru(0001) surface 9 9 Y

is the \b dissociation. .
The stepped surface is also modeled by two-layer slab

with 11 A of vacuum between the slabs. A step is made on
the surface by adding two Ru rows on one side of the slab. In
this case a (%2) unit cell is used. In the stepped Ru surface
the two top layers are allowed to relax.

To calculate adsorption energies and reaction barriers 19 find the barriers for each step in the reaction, we use
for the synthesis of ammonia over Ru(0001) we use den- o different methods. For Ndissociation the initial and
sity functional (DFT) calculations. The DFT calculations are  fina state were first found. Then the bond length between the
based on a plane-wave expansion of the wavefunctions, awo N atoms was kept fixed and the system allowed to relax.
RPBE description of exchange and correlation effects [31], This was repeated with a longer N-N bond length until the
and ultrasoft pseudopotentials [32]. Plane waves with ki- molecule had dissociated. By also keeping track of the forces
netic energy up to 25 Ry are used. The self-consistent elec-hetween the N atoms it is possible to locate the transition
tron density is determined by iterative diagonalization of the state. The approach assumes that the N-N bond length is
Kohn—Sham Hamiltonian, Fermi-population of the Kohn— close to the reaction coordinates. This has been shown to be
Sham stateskg7 = 0.1 eV), and Pulay mixing of the re-  trye for N, dissociation on Ru(0001) [22]. Not all reaction
sulting electronic density [33]. All total energies have been paths are as simple as the one ferdissociation. For more
extrapolated tég 7 = 0 eV. complex reactions, where only the substrate and the product

Two model systems were used to describe the Ru(0001)are known, we use the nudged elastic band method (NEB) to
surface, one for terraces on the crystal and another for thedetermine the reaction path [34,35].
steps on the surface. In both cases the surface was modeled
by a periodic array of slabs. In the model for the flat surface
we used two-layer slabs and a{?2) surface unit cell. The 3. Resultsand discussions
surface atoms are kept fixed at their bulk positions and the
slabs are separated by 11 A of vacuum. The effect of not re- The reaction mechanism for the NHynthesis on a Ru
laxing the surface atoms has been tested. These calculationsurface has not been completely established but is believed
showed that by relaxing the top surface layer increased theto be similar to the one on Fe surfaces. For the Fe cata-
adsorption energy of N on the surface by only 0.04 eV. lyst, however, the detailed mechanism for Nsynthesis is

The choice of a two-layer slab for the terrace model can known and the elementary steps in the reaction are [36,37]
be justified by the test shown in Fig. 1a. The energy for the

2. Methods

slabs with a different number of layers is determined, and N2 + 2% — 2Nx, 1)
it can be seen that its variation with the number of layers H, 4+ 2x = 2Hx, (2)
e e ol N+ He = i, @
of such a small unit cell will introduce some degree of error NHx + Hx = NHax% + %, (4)
to the results but the accuracy was estimated to be sufficientNH,x + Hx = NHax + *, (5)
for the comparison made here. Fig. 1b shows the atomic N NHa = NH3 4+ %, (©6)

adsorption energy for different sizes of surface unit cells.
The adsorption energy is nearly the same for theZpunit wherex stands for an empty site on the surface. It has been
cell and the (X 2) unit cell. This indicates that interactions shown that the first reaction is rate-determining and the other
between the adsorbate are the same at these surface covereactions are in equilibrium. We have therefore decided to
ages of N. The smaller unit cell is therefore chosen in the study these elementary steps in thed\#inthesis over a Ru
calculations for the terrace site. catalyst using DFT calculations.
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The calculated energetics for the reaction path are shownadsorb NH in an hcp hollow site the molecule was not sta-
in Fig. 2. The figure shows the formation of two Mirhole- ble on the surface and desorbed. These results are in good
cules, both on a flat surface and on a stepped surface. Firsagreement with the results from DFT studies performed by
an N> molecule and three Hmolecules dissociate. In the Frechard et al. of the adsorption of Ntn rhodium sur-
next steps the hydrogen atoms are added to the nitrogerfaces [44]. The fact that Nlis bound most strongly to the
atom one-by-one, and the most stable adsorption site andsurface in the on-top site is not surprising. The molecule
configuration are found for each number of hydrogen atoms. binds to the surface through the lone electron pair on the N
After addition of three H atoms, the first NHnolecule des-  atom. The surface bond is formed mainly from electrostatic
orbs from the surface and the formation of the second NH interactions between NfHand the substrate. The electron-
molecule continues. The process is exothermic by 1.8 eV for rich N atom is therefore expected to bind to the surface in
formation of two ammonia molecules. If we take zero-point the most electron-deficient site, the on-top site.

energies [38,39] into account the reaction energyl eV, To complete the picture of the reaction path, energy bar-
which is in very good agreement with thermodynamical data riers along the path have been calculated. The barriers found
(—1.0eV) [40]. are for the hydrogenation steps (3), (4), and (5) in addition
to the N\ dissociation barrier (1). The three barriers for the
3.1. Thereaction over terrace sites addition of an H atom are similar in height. The first hydro-

genation step has a barrier of about 1.2 eMlecule and this

To look closer at the reaction intermediates, the adsorp- height increases by about 0.1 eV for each hydrogen added.
tion energies and preferred geometries found in the DFT The heights of the calculated barriers are shown in Fig. 2
calculations are shown in Table 1. The adsorption sites foundand in Table 2. Our values are in a good agreement with the
in the calculations are in good agreement with suggestedresults from Hu and co-workers [28]: their calculations give
sites in the literature. The intermediates N and H both sit 1,13, 1.28, and 1.20 eV for reactions (3), (4), and (5), respec-
in a threefold hollow site [19,41-43]. Hcp sites are preferred tively.
by N, whereas H sits in an fcc site. This is in agreement  As an example of the hydrogenation steps studied here,
with the results of Schwegmann et al. [41], who found in Fig. 3 shows the formation of NHaccording to
low-energy electron diffraction (LEED) and DFT studies
that N sits in an hcp site. They determined that N is located NHx + Hs = NHas - . (7)

1.05+0.05 A above the Ru surface. In the initial state (IS) the NH adsorbate sits in an hcp site
An adsorbed NH sits in an hcp site, as suggested by ypjle an H atom sits in a neighboring fcc site. Next the H
Staufer et al. [20]. When two hydrogen atoms have been 516m moves to the NH (TS). Finally the adsorbate complex

added to the N atom our calculations suggest that the re-p6yes to the bridge site, which is preferred by the product
action intermediate moves from the hollow site to a twofold NH,. The other two steps are similar to the one shown here.

bridge site. Unfortunately we have not found experimental
evidence to support this change in site, asNd-Hunstable at
room temperature (the barrier to form NH from NI very
small, see Fig. 2) [18]. Rauscher et al. [16] have, however,
observed NH on the Ru(0001) surface at 220-280 K dur-

3.2. Thereaction at step sites

The DFT results for adsorption energies and preferred
) , . , '~ geometries for the reaction intermediate at step sites are
ing hydrazm_e de_compOSI.tIOI’l, ‘?Ut no suggestion of possible gh o in Table 3. Comparing adsorption energies for the in-
adsorption sites is made in their paper. . termediates at the step site to the energies at terrace sites
. According to the calculations, the mqst stable adsorption (Table 1) we see that the surface species are bound stronger
site for an adsorbed N¢is the on-top site where the con- i step site than the terrace site. Different surface species
figuration is slightly tilted. In calculations where we tried to ;.o stapilized by different amounts of energy, from almost
no stabilization for H atoms (0.03 eV) to significant stabi-

Table 1 lization of 1.12 eV for NH. The reason for the stabilization
The calculated adsorption energies and geometries for the dyhthesis

reaction intermediates over a flat surface

- - Table 2

Species  Site AE (eV/molecule) h(A)  b(N-H)(A) @ The reactions studied and the calculated barriers heighisfor both ter-
H fcc —0.52 1.08 - - race sites and step sites
EH Ezz _822 1;2 1_0 ’ ; Reaction Terraces Steps

e ’ ' Ea (eV/molecule Ea (eV/molecule
NH, Bridge —0.54 1.69 1.02 5% a(ev/ ) a(eV/ )
NH3 On-top -132 2.24 1.02 55 N2 + 2% — 2Nx 1.9 0.4

Ho + 2% — 2Hx — -

The first two columns show the adsorption site and the adsorption energy N 4 Hi —> NH# 4+ %

) 1.2 1.1
(A_E) (relative to Ny(g) and H(g)). In the next two columns the adsorbate NHs + Hik — NHos + % 13 13
height over the surfacé:] and the N-H bond lengttb(N-H)) are shown. NHo% + Hs — NHas + % 1.4 1.2

In the last column the angle between a surface normal and the N-H bond

) NH3% — NH3 + * — -
() is shown.
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Fig. 4. The most stable configuration for (a) NH and (b)\&tisorbed at
a step site. The unit cell used in the calculations is indicated by the dark
atoms. The size of the unit cell is%2) and a three-layer slab is used.
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Fig. 2. Calculated energy diagram for Ni$ynthesis over a Ru surface.
Both the energetics for the flat surface (dashed lines) and the stepped surfac
(solid lines) are shown. The formation of two ammonia molecules frgm N
and H is shown.

IS TS FS

Fig. 5. The addition of a hydrogen to NHdsorbed at a step site. IS denotes
the initial state, TS the transition state, and FS the final state.

figuration for an H atom at a step site is the one where it sits
IS TS ES at the edge of the step and is bound to two Ru step atoms.

Fig. 3. The addition of a hydrogen to an adsorbed NH. First NH sits in the . A Slmll.ar conflguratlon is the most SFable one for.t.hei\IH
threefold fcc site, but during the reaction it moves over to the less coordi- intermediate (Fig. 4b), but where H is only stabilized by
nated bridge site. The figure shows the initial state (IS), the transition state 0-03 €V N is stabilized by more than 1 eV. The cause of
(TS), and the final state in the reaction (FS). The energy barrier for the re- the large stabilization is that at the step Nid able to bind
action isEa = 1.3 eV/molecule estimated by DFT calculations. at a bridge site on the step and is therefore much more free to

find a stable configuration than on the terrace, even though
is twofold. First the reactivity of Ru atoms at the step is the adsorbate is not bound to a larger number of Ru atoms at
increased due to the undercoordination of step atoms. Thisthe step. NH binds in a similar way as Nfibut at an on-top
effect has been explained by the d-band model of Hammersite on a Ru step atom.
and Ngrskov [45]. The more step atoms the adsorbate binds In addition to adsorption energies, we have calculated the
to, the more pronounced this effect. The other factor is steric barriers for the reaction at the step sites. The influence of the
freedom, since at the step the adsorbate is much more free te@dge atoms is largest forNlissociation, where the barrier
find an energetically favorable adsorption configuration than is lowered by 1.5 eYmolecule [26]. These results are sup-
at the terrace site. ported by experiments performed by Dahl et al. [26]. Their

The preferred sites for N and NH are still the hcp sites, experiments give a Ndissociation barrier of (@ +0.1) eV

but since they are closer to the step both intermediates areover a Ru(0001) surface. This barrier is thus for the dissoci-
stabilized by about 0.1 efadsorbate. The most stable con- ation at the step sites and is in an excellent agreement with

Table 3

The adsorption energies and geometries for the intermediates in theyithesis on a stepped Ru(0001) surface

Species Site AE (eV/molecule) b(Ru-N) (A) b(N-H) (A) 6 H-N-H a
H Bridge —0.55 - - - -
N hcp —0.40 1.99 - - -
NH hcp -0.95 2.06 1.03 - 0
NH»> Bridge —-1.66 2.15 1.03 113 56°
NH3 On-top -1.76 2.27 1.03 109 34

The first two columns show the adsorption site and the adsorption enaigy (telative to No(g) and H(g)). The next two columns show the Ru—N bond
length ¢(Ru—-N)) and the N-H bond lengtth(N-H)), respectively. The two last columns show the arfgle n—  and the angle showing how much the
adsorbate is tilted relative to a surface normegl (
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our DFT calculations. The dissociation barrier for the ter- Table 4
race sites has been determined by Diekhoner et al. [8], where The calculated dipole momenj4qg for the transition
they measured the barrier through laser-assisted associative f;"’s‘ﬁt E,Tfoer;:‘gtg‘: é’;‘;’énsefr'f"::j in Nfsynthesis as a
desorption. In these experiments, which are mainly sensitive P
to the desorption from the terraces, they estimated the dis- Terraceyiads(€A) Steprads (€A)
sociation barrier to be 1.8 eV, which is also in very good N2 Ts —0.13[25] -0.15
agreement with our DFT results. N —0.03 [25] ao1

The effect ther barriers in th fion | ; NH 0.18 Q24

e effect on other barriers in the reaction is not as NH, 0.25 027

large, the barriers for the hydrogenation steps are lowered NH3 0.35 056
by 0.2-0.3 eYmolecule. The reason for this is the differ-
ent geometries of the transition states. indiksociation the ) i
N atoms are not only bound to the step but are also bound Table 4 shows the calculated dipole moments for configura-
to a larger number of Ru atoms than in the dissociation on tions along the two reaction paths. According to Eq. (8) the
the terrace [26]. For the transition state configurations of the Intéraction energy decreases if bathysandeaikali are neg-
hydrogenation steps this is not the case. In these steps thétive (the adsorbate bond becomes more stable). Mortensen
transition state is bound to the same number of substrate€t @l. [25] have use_d DFT to estimate the electrostatic field
atoms as in reaction sites on a terrace. For these reactiordsorbed Na atom induces to gy = —1 V/A.

steps the reason for the lowering is solely the enhanced re-  1he energy of the N transition state decreases in the
activity of the Ru step atoms. presence of a field of this strength and the transition state is

Fig. 5 shows configurations along the reaction path for stabilized compared to an unpromoted surface. On the other
the addition of an H atom to N4 It shows the reaction path hand, other configurations studied are destabilized, except N
found to have the lowest barrier. In the initial state the;NH ~ Which is almost unaffected by the presence of the promoter.
sits at the edge of the step and the H atom at the base of thel Ne same effectis seen both for the terrace sites and the step

step. This is not the most stable adsorption site for an H atom$Sites but the influence is larger at the step site. _
but the path gives the lowest barrier. The barrier for this re-  1he DFT calculations therefore indicate that alkali atoms

action is 1.0 eymolecule. As the H atom does not sit inits Promote the Ni synthesis both by lowering the Nlisso-

most favorable site, the energy difference for the two sites ciation barrier and by lowering the coverage of other inter-

has to be added to the barrier. This gives a total barrier of Mediates along the reaction path. This is in accordance with

1.2 eV/molecule. Other reaction paths for the Nfdrma- studies investigating the effect of electroposmve promoter

tion were also investigated but they all give higher barriers. &{0ms on the reaction steps, where the increased stability
Zhang et al. [28] have also estimated the barrier for the Of the Nots has been suggested [25,48-50] as well as the

second hydrogenation step. Their calculations gave a par-destabilization of the reaction intermediates [49,51].

rier of 0.81 e\/molecule. This is somewhat lower than the o

value we find but different initial states can explain the dif- 3-4- Therate-limiting step

ference. In their calculations they use as the initial state, ) ) ) . o

a configuration, which is similar to configuration for NH Finally, we studied which step is the rate-determining

(Fig. 4b). We, on the other hand, use the one shown in St€p In thg reaction. Fig. 2 shows that at the step sites the

Fig. 4a. This gives a difference in the calculated barrier of N> dissociation step has the lowest barrier of the reaction.

about 0.3 eymolecule. This raises the question whether this reaction step really is
the rate-determining step of the reaction as commonly as-
3.3. Promotion sumed [52]. To study this we have estimated the rates both

forthe Nb dissociation and for the step where pid formed.
Next, we studied the effect of promotion on the reac- The latter step is chosen because it is the step in the reaction

tion paths. For the Ru catalyst electropositive alkali metals, With the highest barrier according to the DFT calculations.
like Cs, have been found to give the largest promotional I the following we assume that the reaction happens at
effect [46]. In this case where the promoter atom is an elec- T :f700f|.<' look at the di . h for thi
tropositive alkali or alkaline earth metal atom the effect can It we |tr)st ook at the dissociation step. The rate for this
be estimated by calculating the dipole momengdy in- step can be written as

duced when the adsorbate is bound to the surface. The effect PN, o

ace. Theeffect _ | Mo (9)
of the promoter atom has been shown to be given primarily Py *
by the electrostatic interaction between this dipole moment where

and the electrostatic field induced by the adsorbed alkali
atom Eaikali) [47,48]. We therefore estimate the change in ky = Ae Ea/ksT (10)

the adsorption energy due to the promotion as ] ) ) ]
Pn, is the partial pressure of nitrogeR, is the standard

AEjnt = —¢alkalitads (8) pressure (1 bar), angl is the number of free sites on the
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N 700 K
surface. At the temperatures and pressure we are considering 500°C

we need not include the molecularly adsorbed state explic- 20 '
itly, since it is in equilibrium with the gas phase and has a
very low coverage. To estimate the rate constant transition 10 K 7
state theory can be used giving - 1

350°C

k1= kB_TEe(EgaS—AETS)/kBT. (11)
h dgas
Heregrs andggasare the partition functions for Nrs and

N2(9), respectively [53], and we defingyas= 0. By com-
paring Egs. (10) and (11) we see that the prefadtes

In(k)

ksT o _
A= BT E (12) . ] ] 1
L L L | L L L L L L L L L L L L
dgas 0.001 0.0015 0002 00025 0.003 0.0035
The partition function for N in the gas phase can be written /T [K']
as

3/2 Fig. 6. The calculated rate constarits and k4 for reactions (1) and (4),
ksT kT 2nmkgT / respectively. The calculations show that in the temperature range used in the
= 2¢r0t PN,/ P, "2 ’ ammonia synthesis (350-50Q) the rate constant for theoNlissociation,

ro 2/ 70 k1 is lower thanks. The insert shows the measured rate constant taken from
when the N-N vibrations are assumed to be frozenlout. Re;- [2?] (|thjintt)8)-The densitrsl' of ictive SiLeS iSftaken to 155 % 1017 n:f |

; ; i i ites is 1% of the total

The rotational constant for the sNmolecule is eyt = and is found by assuming that the number of step sites is 1
0.248 meV [40] 2 rot number of sites on the Ru(0001) surface&sx 10*° m—2) [54].

To evaluategts we have performed DFT calculations N o
to estimate the vibrational frequencies for the M the conditions the number of free sitésis low whereas}; and

transition state, which gives 73, 65, 58, 55, and 53 meV, OnH are high [52], which only enhan_ces the difference in the
respectively. These frequencies giveqss = 10.00 using WO rates, c.f. Egs. (9) and (14). This shows that thedlé-
gTs = qvib as at the transition state both the translational and sociation is mdee@ the rate-determining step in the reaction
the rotational partition functions are close to unity. under most conditions.

Using then Egs. (11) and (13) to estimate the prefactor
we getA = 0.241 s, With these assumptions antE s = .
0.4 eV/molecule, the rate constant for the Nissociationis 4 Conclusion
k1=32x10"4s1.

If we now look at the rate for step (4), it can be written as We have presented DFT results for the elementary steps

in ammonia synthesis over a Ru catalyst. The calcula-

r4 = kaONHOH (14) tions show that the intermediates in the reaction are bound
stronger to the active sites located at steps than on flat ter-
races. Based on this we suggest that the reaction mainly
ra= Ae Fa/k8T g 0. (15) occurs at the step sites. We can, however, not exclude that
. . . one or more of the elementary reaction steps take place on a
To estimate the prefactor for this step, transition-state theoryterrace site. It is clear from Fig. 2 that the hydrogenation of

e e L coud ke plce over etace i a5 wel i s con
A then becomes ]§Iude that the N dissociation is the rate—dgtermlnlng step
in the reaction over a Ru(0001) surface. Finally, the calcu-
A= ksT — 10851 (16) lations suggest that the promotion of the reactants by alkali
metals takes place by a combination of a stabilization of the
For this prefactor and, = 1.3 eV, the rate constant for  transition state of the Ndissociation and the destabilization
this step becomés, = 4400 s'1. of NH species on the surface.
These calculations show that the rate constant is lowest
for the first step in the reaction. This is generally the case
in the temperature range usually used in the ammonia syn-Acknowledgment
thesis as can be seen in Fig. 6. Furthermore, under synthesis

qdgas (13)

and using Eq. (10) as
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T . . _ is sponsored by the Danish National Research Foundation.
The vibrational contribution to the partition functiggip = [; 1/(1— . .
¢~hi/k8T) can be assumed to be frozen out when; /kgT is high The DFT calgulatlons have be'en performed yv|th support
enough. The N-N stretching mode in the gas phase has the frequencyffOmM the Danish Center for Scientific Computing through
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