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Abstract: Potassium(K), an important impurity in syngas from biomassmn have a large
influence orthe activity and selectiwtof cobaltbasedrischerTropsch synthesid=TS)catalysts

in Biomass to Liquid (BTL) processs In this work,the potassium adsorption behavior on hcp
cobalt vassystematically studiedsingdensity functional theory. The surface enecgiculatiors
andWaulff construction otheequilibrium shape of hcp cobalhowedt is dominated by Ofacets
The interactiorof K with these facethasbeen investigatedrhe resultsshowthat the stepped
facet(10-12) hasthehighesK adsorptiorenergyof -2.40 eV. The facetg0007), (10-10), (10-11),
(10-15), and(21-30) alsoshowedrelativdy high K adsorption energies the rangeof -2.28 to -
2.34 eV. The corrugate facets exhilded comparativelylower K adsorption energiec2.04 to -
2.18 eV), and would bdessfavorablefor K adsorption.lt was alsofound thatthe adsorption
properties depend on coverage, where the K adsorption energy decreasect@ating coverage
Diffusion energy barrier calculatisimdicated thaK was mobileontypical facets(0001)and(10-
11)with very lowdiffusion barriess (<0.15 eV). On steppedacets, although Kauld move freely
along the same stefiffusion barrier <0.01 e) diffusion from one step to anothdrad a
significantly higherbarrier of 056 eV. This suggestd that K atoms would be mobile to some
extentduring FTS reaction conditionand tend to occupy the most favorable sites independent of
their initial position. The resultsobtained in this workprovide valuable information othe
interaction of K with cobalt surfaces, relevant for practical colaadtlgsts and their application in

BTL processes.

1. Introduction

A growing demand coupled witimited oil reservess well aghe growing concern over carbon
emissions and their influence on climate chaegéd to an increasing interest in fr@duction of

renewable and clean fuels from biomass via the FisElasch synthesi(FTS)Y’ Cobaltbased



catalysts exhibiting high activity, stability andlow CO, selectivity, are promisingcatalysts for
biomass to liquid§BTL) processe&!® Syngasproduced from biomassormally containgrace
impurities such as potassium and sodiamdcobaltbasectatalysts appear to be sensitivstch

impurities4+1®

Extensive expemental work, including detailed characterization leen grformed in order
to investigatethe effect of potassium atheralkaline metals on th@erformancef cobaltbased
catalysts for FT$*?! Enhancedlefin and G selectivitieswere commonly observednhile the
reaction rate was markedly reduced after the introductidt @f other alkali metal#1%21 The
shift in selectivityhas been suggestedtie dueto anincreased adsorption strength of carbon
monoxide and decreased adsorption of hydragene presence of K+1°222° The decline of the
activity after K addiion wasexplained bythe blocking of active metal site$;!%18 changing the
state of cobalt (such as metallic cobalt to cobalt carBfdey well as electronic effedtsduced by
alkali.’>8These interpretatiorerereasonable for the cobalt catstly with high K concentratien
However for cobalt catalysts with very low alkali concentrai¢helow 1000 ppm)the above
explanationaverelesssuitable because of the fact that the activity decreased significantly while
cobalt dispersiorthe H as well as th€O chennsorptionamountand adsorption heaterealmost
unchanged*® The previous work havigied to expain this phenomenon by the mlityi of alkali
on the surface of cobéftor small amount of alkali selectively adgtion on the unjjue sitesof
cobalt thatcarry particular importance fothe catalytic activity'* However,there has beeno
direct evidence to confirtheseexplanationsso far It seems difficult to elucidate the essential
role of trace K in the reaction mechanism ofSFover cobaltcatalystsjust based on the

experimental work.



Density functional theory (DFT) calculatioimsve been employegbreviouslyto investigate
aspects oK or other alkali metal atomadsorption antheir influence orCO activatioron Coor
noble metatatalysts$*28 Through DFT calculations it was predicted ttratbonding of Kor Na
with a(0001)surface wa a metallic bond of covalent character at both 0.25 andh@88layers
(ML), and he adsorption energy decreased wittreasingalkali coverage®*?%2°The presence of
alkaline metal atosistrongly enhanakthe stabilization of C@n thesubstrate surface, lowest
the surface potential aroutite CO molecule and weakedthe C-O bond.TheCO ccadsorption
with K onthe Co(10-10) facet studiedy DFT calculatios suggested alkainduced polarization
of the GO bond might playanimportant role in the CO activatiofr:?® DFT calculations also
indicated that Na stabilized C and O adsorption and redhe€D dissociation barridyy 25%?2’
The promotional effects were primarily ascribed to the stamgje N&O electrostatic interaction
which stabilized the transition state.addition,a thorough analysis ¢iie K promotion effect on
the Rh (111) surfaceby varying the position opotassium atoms relative to a dissociating CO
moleculedemonstrated that both the electronic and the geometrical faieesred the alkali
promotion effect3® All these findingshave provided valuable insigimt understanding the effect
of K or otheralkalineatomson FTS reaction. However, all these calculations were @bhegh
coverages ok (above0.1ML), whichmight not be valid for elucidating tlessential role of trace
K in the reaction mechanism of cobhlsed FTS dalyst. Furthermore, Kdsorption (or ce
adsorption with CO) was only calculated on several limited facets of hcp cobalt, suc@@8 o
(10-10), and (11-20). 2426282931 n principle, there arseveralfacetsthat can be exposed on
metallic cobalt and used for &dsorptionThe most preferred facets and specific sitesrémeK

adsorptionmight playa crucial role in determining the activity and selectivity of colbased



catalystsTherefore, a systematic study of K adsorpti@havior at a low coverags hcpcobalt

is of great significance.

In this work,theadsorptiorbehaviorof K atomsas a model of typical pollutants hcp Cowvas
studiedwith the aim of achieving a better understanding of the mechanism obléhef alkali
metals in Co-based Fischefropsch synthesisThe system was investigated using DFT
calculations and covers adsorption oalow coveragein the rangé®.042 - 0.063ML. In order
to investigate realistic and relevant surface structuresutiace energies of 16w-indexfacets
of hcp cobalt were calculated, and the equilibrium shape of hcp egaslobtained by Wulff
construction. The results indicated thatof@hesefacetsdominate the surface btp cobalt The

adsorptionand diffusion behavior of K was explored using DFT.
2. Methods andmodels

The DFT calculations were performed using the Vienna ab initio Simulation Package
(VASP)3%33 The interactions between ion cores and valence electrons were described by the
projector augmented wave (PAW) method with a plane vemergy cutoff of 500 eV The
exchange correlation energy of the electraas treated with the GGRBE functionaf® The
sampling of theBr i |  ouin zone was per f oschemef Dipplsi n g

correction has been applied to minimize polarmaeffects caused by asymmetry of the slabs.

Bulk hcp cobalt has the P63/MMC crystallographic symmetry and contains two cobalt atoms
per unit cell. The bulk structure of hcp cobalt was optimized with a 13x13x 9 Mondearisti«
point meshThe calcuated equilibrium latticef the bulk hcp Cavith a=b=2.491 A and c=4.023
A is shown in Fig.S1lwhich are in good agreement with experimentally determined values of

a=b=2.507A and c=4.069 ¥.



For the surface energy calculatiop§l x1) or (1x2) slabs with thickness of at least 15.5 A and
separated bgvacuum region of 15 A were used for selected facets. All the atoms in the slab were
fully relaxed for the surface energy calculations. The surface energy was determingd by E
(EsabT  BLB/2A, where Eavand EBuk were the total energies of the slab and one bulk unit cell,
respectivelyN was the number of bulk units in the slab, and A was the surface area of the slab.
The equilibrium shape and exposed surface area prop®mibthe hcp cobalt were calculated
using the Wulff constructiof#>° In order to study the adsorption of K at low coverages (around
0.05 ML), slabs with minimum 64 Co atoms distributed in 4 layers separated by a vacuum region
of about 15 A were use@he monolayerNIL) is defined as one K atom per Co surface aibii.
possible higksymmetry sites were investigateld. order to vary the K surface coverage, the
surface unit cells were adjusted fromxZ2to p(5¢<5). The coverage of K was defined as thérat
of the number of K atoms to Co atoms in top laydre top two layers of cobalt atoms were
allowed to relax, while the bottom two layers were fixed at their corresponding bulk poditiens.
size of the MonkhorsPack kpoint mesh for slalp(1x1) of Co (0001)was 9x9x1, and
corresponding{point sampling was used for other slabs or fadetmnvergence criterion of 0.01

eV/A wasemployedfor the structural optimizations.

Theaverageadsorption energy was defined agsE (Eqk+siab)+ EzpeT (Esiab+ N-Ex))/n, where
Enk+siab) Was the total energy of the slab with Ksadswas the total energy of the corresponding
bare slab, Ewas the total energy of free I8 gas phaseand n is the number of K aton&peis
the zerepoint energyof K adsorbed on the Co surfacehélzero-point energies of the Co atoms
are assumed unchanged upon adsorption. The detail of zergoint energycalculationis shownin
Electronic Supplementary Information (EHart 1 A negativeEagsindicates that adsorption is

favored.The comparisons of K adsorption energies at different sites or covaratpased on the



absolute value of &&s The vibrational modes$or K adsorbed on the surfaeere calculatedsing
a displacement of 0.015 A in each directidfhe Gibls free energychangeof K adsorption,
evaluated at standard pressure (p=1atm3dwe f i n e Gs=dl- T PG Eaasi T p,Svhere
Eadsis the zerepoint energy corrected adsorption energy ofgiti i s chang@isof ent
t emper at ur e differencadbetgE®n entoof KIC@ system(Skico) and entropy ofas

phaseK (Sgad.3**2 Theentropycalculationis alsosummarizedn ESIPart 1

Diffusion of K, Bader analysis and charge density diffeemere evaluated for K adsorbed on
theselected Co surfacActivation barriers foK diffusion werenvestigated using climbing image
nudged elasc band (CINEB) method* and tansition states weneerified by vibrational analysis
yielding a single imaginary frequenc¥ero-point energy waslso included in the activation

barriess.

The Bader analysié* quantifyingthe average charge transfer per K by the change in charge
associated with isolated K and K adsorbed on the Co surf@&ce calculated usir@ader charge
analysiscodé®*®The charge density di fekoejlcoe),c ewhnggse cjal ¢
Jco, axmck elgctron densities for K adsorbed on Co, the corresponding Co surface and isolated

K, respectively.
3. Results anddiscussion

3.1 Suface energy calculations and equilibrium shape of hcpcobalt



Table 1.Calculatedsurfaceenergiesanddistribution of facetson hcp Cabasedon theWulff

construction

Surface energy Surface area proportion
Slab parametex
Facet  Slab (eV/IA?) (%)
(A)

This work Ref 8 This work Ref8
{0001} p(1x1) a=b=2.491 134 131 14 18
{10-10} p(1x1) a=2.491, b=4.023 143 140 28 28
{10-11} p(1x2) a=4.731, b=4.982 152 149 29 35
{10-12} p(1x2) a=5.899, b#.982 159 156 9 12
{10-13} p(1x2) a=7.721, b#.982 160 - 0 -
{10-14} p(1x2) a=9.520, b#.982 157 - 0 -
{10-15} p(1x2) a=11.579, b=4.982 154 - 6 -
{10-16} p(1x1) a=13.554, b=2.491 152 - 0 -
{11-20} p(1x1) a=4.023,b=4.315 157 155 6 6
{11-21} p(1x1) a=4.023,b=4.315 166 163 1 1
{11-22} p(1x1) a=4.315,b=4.732 164 - 6 -
{11-23} p(1x1) a=4.315,b=5.899 167 - 0 -
{11-24} p(1x1l) a=4.315,b=6.404 165 - 2 -
{20-21} p(1x2) a=8.422, b=4.982 169 166 0 0
{21-30 p(1x1) a=4.023,b=6.591 156 154 0.1 0

In order to predict the exposed facets of Co particles, we calculated the equilibrium shape of

hcp Co. Generally, surfaces exhibiting high Miller index or surface energies are less likely to be



exposed because of the bulk symmetry and the principle afyemenimization. In this study , 15
different facets of hcp Co were selected including low index surfaces and more open surfaces
reported in the literature: {0001}, {:@0}, {10-11}, {10-12}, {10-13}, {10-14}, {10-15}, {10-

16}, {11-20}, {11-21}, {11-22}, {11-23}, {11-24}, {20-21}, and {2130}.2>%“* Here, it is noted

that curly braces were used to denote the family of equivalent planes. For example {0001} contains
the facets of (0001) and (0Q9. Parentheses were used to denote the one specific facet in this

work, for example, (0001) facet.

The calculated surface energies are shown in Table 1. Among the 15 facets, thpattsed
{0001} faces have the lowest surface energy of 134 e¥/A&nd thus are the most
thermodynamically stable fasefThe {1010} have a surface energy 9 eV/A higher compared to
the {0001} surfacse, whereas the surface eniegfor the other facstinvestigatedall areabove

149eV/AZ?, In general, the surface energy increasid increasing Miller index.

Theequilibrium shape and relative surface distribution of hcp celmitobtainedoy the Wulff
constructionbased orthe bulk symmetries and calculated surface enet§i@She results are
shown inFig. 1 and Table 1, including reported literature valtféhe constructed cobalt particle
has a dihedrdike shape with two clospacked{0001} facets, as shown iRig. 1. The closed
packed{0001} surfaca, that exhibis the lowest surface energyss a pralicted surface fraction
of 14 %. Thg10-10} and{10-11} facets with relatively larger surface energies represent close to
60 % of the total distribution. Of the stepped fadé®-12} and{10-15} havethe highest surface
proportions of about 156 in total whereagshe {21-30} faces representeanly 0.1% of the
surface The remaining 15 %s made up by the corrugatéacets{11-20}, {11-21}, {11-22} and
{11-24}. The facet410-13}, {10-14}, {11-23}, {20-21} and{10-16} arenot predicted to be of

significance. The surface energies calculated in the present work were in good agreement with



literature findings, witha slight variation in the surface area rat®3.0 elucidate the reason for
the differences in the surface araioscomparedo Ref. 8, a Wulff construction based on the
surface energies in this work and fadetsn Ref. 88 wascalculated, as shown iTable S1When
considering the same facetsetsurface area proportions are in good agreement with the dsults
Ref. 8 (e.g. 7% vs 18% in {0001}, 35% vs 35% in {:01}). This demonstrates that the
differences in surface area proportion in finesenttudy(e.g. 14% vs 18%or {0001}, 29% vs
35% for {10-11}) relative to those reported iRef. 48 are mainly caugd by the inclusion of

additional facets.

{10-12}

{10-11}

Fig. 1 Equilibrium shape of hcp Co obtained by Wulff construction
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3.2 K adsorption onhcp cobalt surfacesat low coverages

maindo

Co Co Co

M3IA 3pIS

(a) (0001) (b) (10-10) (c) (10-11)

Fig. 2 Top and side view dfhe favorableadsorption configuratianof K on (a) Co(0001) (b)
Co(10-10) and(c) Co(10-11). All stableadsorptiorsites are indicated in thep figures (see text
for more information) The Co surfaceatoms(top layer) are colored greerand bluefor layers

below. K atomis in purple andsimilarly hereinafter.

The interaction of K with the hcp Co surface was investigated using the relevant facets predicted
above. The calculated adsorption energiesthachearest distance between K and Co atams
different sites are listed in Table 2. @ thermodynamicallgnoststable surface, G06001) there
are four different high symmetry sites: top (T), bridge (BG).-fitpand fcehollow (F) sitesK
adsorption was calculated on the four sites of (0001) facet and further verified by vibrational
aralysis. The results showed that BG, H and F sites are local minima and stable sites for K
adsorption whereas adsorption at thesitewas not stables judged from the calculation of the

vibrational modesThefavorable adsorption configuratisof K on Co(0001) is shown in Fig.2a.
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From Table 2, there was no obvious difference in adsorption energy among the three stable sites
at a coverage of 0.063 ML. All the three different sites exhibited the same adsorption enrergy of
2.30 eV, in agreement wh literature findings?® On this surface, the similar adsorption energies
may suggest that K can easily move across the surface. This issue will be touched upon below. As
listed in Table 2, the bond length between K and Co increased as expected veitsinger
coordination number: from 3.169 A at the BG $u8.239 A at the F sit&Evaluating the Gibbs

free energy of adsorption at 300 \ith an entropy contribution of about 6.2V, provides similar

values for Ksituated in the different sites.

The Co (16010) and (1611) surfaces are slightly rippled, as can be seen in Fig. 2b and Fig. 2c.
Thesefacets havenany differentsites, such as top (T), bridge (BG)}dd (3F), 4fold (4F), 5
fold (5F) hollow sites, and Bsites. Here, the B(n=4, 5, or 6) sites were defined based on the
work of van Hardeveld and Hartfgand van Helden and coworkélsT h e siiiBt e 0 i s us
throughout to indicate an ensemble of n surface atoms on stepped or rippled facets-{4). (10
To separate differerBn-sites, an additional label {B,xx=1 or 2) will be used throughout this
paper. The calculations showed that K was not stable at samesesites and moved to a nearby
site. The stable adsorption sites and configuratdriK on (1610) and (1611) facets are shown
in Fig. 2b and 2c, respectively. On the {Il@) facet, there were two stable sites for K adsorption:
4F and 5F sites. The preferred site for K adsorption on thé@L@acet was the 5F site with the
adsorption energy 62.32 eV. On Co(Q-11),only K adsorption on thediteis stable (Fig. 2¢)
The distances between Co and K on these two facets were from 322928, as listed in Table
2. The adsorption energies and bond lengths of K on the GaQ@)l@nd (1611) surfaces are
similar to those predicted for the Co(0001) surface, suggesting a similar interaction of K with these

surfaces.
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Table 2. Adsorptionenerges, Gibbs free energy changes upon adsor@imtstructural

parametergor K on different Co surfacestheadsorptionsitesare describedn thetext

Gads(3

Coverage S dook @ Eag? et
Facet Slab Adsorption site 00K)°

(ML) A) (eV)

(eV)

BG 3.169 -2.30 -2.04

(0001) p(4x4) 0.063 H 3239 -2 -205
F 3.252 -2.30 -205

5F 3211 -2 201

(10-10) p(4x3) 0.042

4F 3.292 -231 -203

(10-11) p(2x4) 0.063 Bs 3.248 2.2 202
(10-12) p(2x4) 0.042 Be 3.318 -240 -2.09
Bs1 3.080 -2.% -204

(10-15) p(1x4) 0.042 B4 3.273 2.8 202
Bs2 3.265 -2.8 -197

(11-20) p(3x3) 0.028 5F 3197 -206 -175
(11-21) p(3x2) 0.044 6F 3272 214 -181
(11-22) p(3x2) 0.042 5F 3.20 -218 -1.86
(11-24) p(3x2) 0.028 6F 335 2.4 171
(21-30) p(3x2) 0.028 5F 3.365 -228 -1.95

Note:? theshortestistance between K and Co atgfsidsorption energy of K, Gibbsfree

energychangeuponK adsorption at 30&.

13



M3IAdo]

M3IA 3pIS

(a) (10-12) (b) (10-15) (c) (21-30)

Fig. 3 Top and side view ahe mostfavorable adsorption configuratisof K on (a) Cq10-12),
(b) Cq10-15) and(c) Cq21-30). All stable adsorption sites are indicated in the top figures (see

text for more information).

(10-12), (10-15) and(21-30) are stepped facets, and provatdy a limitednumberof stable K
adsorption siteasshown in Table 2and Fig. 3. K adsorbs preferentially below the step edge
all these surface©n the (10-12) facet, Kwas found to be stable in tiBz with the Eags= -2.40
eV. On the (1015) facet, there are three stable sites for K adsorptipan8 B.-1 and B, sites,
linked with two types of stepsThe adsorption energy of K on step | (abeli34 eV) is higher
than on step Il (abouR.28 eV), with Bs.1 as the preferred sitélowever, on the same step, the
adsorption energy difference betweB#f; and B, siteswas small (0.01 eV)The 5F sites the
preferredsite for K adsorptionon the(21-30) facet illustrated inFig. 3c, with the adsorption
energ of -2.28 eV. It should be commented that t{#1-30) facetrepresents a very low fraction

of thesurface(0.1%)
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M3IA 3pIS

(a) (11-20) (b) (11-21) (c) (11-22) (d) (11-24)

Fig. 4 Top and side view ahostthefavorable adsorption configuratisof K on (a) Cq11-20),
(b) Cq11-21), (c) Cq11-22)and(d) Cdq11-24). All stable adsorption sites are indicated in the top

figures (see text for more information).

The facety11-20), (11-21), (11-22) and (11-24) have corrugated surface The preérred K
adsorptiongeometrieon these facetare illustrated irFig. 4, andthe corresponding adsorption
energiesare listed in Table 2. Also on (1120), the 5F sitds preferred (kss = -2.06 eV),
significantlylower compared to thierrace andteppedacets Also for facet(11-21), (11-22) and
(11-24), only onestablesite for K adsorptionwas obtainedwith adsorption energies e2.14, -
2.18 and-2.04 eV, respectivelySimilar for all these surfacesas that K adsonkd only in the
"grooves" of the corrugated surfaceshen placedin Top sites K moved down into higher
coordinated site§.heK-Codistance®n thesesitesweresimilar to those found in highymmetry

sites on other surfaces

In summarythestepped facgtl0-12) exhibited the highest adsorptienergyof -2.41 eV. The

facets (0001) (10-10), (10-11), (10-15), and (21-30) also have relativdy high K adsorption

15



energesin the range2.28~-2.34 eV. The remaining facetg11-20), (11-21), (11-22), (11-24))
presenslightly lower K adsorption eneiigs (-2.04~-2.18 eV). The entropy contributions (at 300
K) to the adsorption of K at different site and fa@etsin the regions of 0.25.32 eV. The Gibbs
free energy changes that inclddbe zerepoint energy and entropy contributions showed almost
thesame trendo the adsorption energied K at different sites or facets of the hcp colfatble

2). Therefore the stepped facet (:02) is the most preferred facet for K adsorptitmiiowed by

the facets (0001), (100), (1011), (1615), and (2130). The corrugated face{d1-20), (1121),

(11-22), (1224) were lssfavorablefor K adsorption

To better understand the interaction between K andh@oelectron transfarvas investigated
throughcharge density differengaots For these calculations, the charge densities for the clean
surface and isolated K were calculated and subtracted frooh#irge density of the total K/Co
system.Fig. 5 shows the charge density difference plot for K adsorbefd site ofCo(0001) as
well as K in the favored sites on (6-11) and C¢10-12) (Bs and B). The chargeedistribution
is similar for K on all the wrfaces Thechargedensityaround the Katomis deplete extending
into the vacuum regionThere is an accumulation of charge denaligve the Co atoms in the top
surface layerSuch unidirectional charge transfer between surface and adsorbate is the typical
character for ionic bondg.he changes in charge distribution around the Co atoms are mainly
evident for the top layer, whereas minor changes are observed for the seeonthiagharge
transfer between the Co surfaces and the K adsevbezlquantified usingaderanalysis* The
net charge transfer from the K atevascalculatedo be0.83, 0.8 and 0.8 |eg| for the C¢g0001)
Co(10-11) and Cq10-12), respectivelyindicatingthat the K atoms partially positively charged

upon adsorptionThus, the bonding of K to the Co surfaces presentedibarainly of ionic
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characterThis is in agreement with literature for other systems where K is adsorbed on various

metak or facets?°25
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Fig. 5 Difference electron density plair K on(a) Cq0001)(F site),(b) Co(10-11) (Bs) and(c)
Co(10-12) (Bs). The Co and K atom positioms the cut plan@re indicated by filled circles (blue)
together with theirectiors of the cut plane witim being the surface normdalhe scale on the right

indicates electrodensitiegelectrons/A&).

3.3 Effect of coverage on Kadsorption
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Table 3. Adsorption energiesand structural parametersor K on Co surfaces afifferent

coverage.
Coverag dk- Eads® CFGads(:%OO
Facet Slab Nk @ d
e(ML) «@A)P°  (ev) K
(eV)
Co(0001) p(5x5) 1 0.040 12.455 -2.40 -2.13
Co(0001) p(4x4) 1 0.063 9.964 -2.30 -2.04
Co(0001) p(3x5) 1 0.067 7.473 -2.25 -2.00
Co(0001) p(3x4) 1 0.083 7.473 -2.18 -1.93
Co(0001) p(3x3) 1 0.111 7.473 -2.07 -1.70
Co(0001) p(4x4) 2 0.126 5.791 -2.01 -1.71
Co(10-11) p(2x5) 1 0.050 9.464 -2.33 -2.04
Co(10-11) p(2x4) 1 0.063 9.464 -2. -2.02
Co(10-11) p(2x3) 1 0.083 7.473 -2.23 -1.92
Co(10-12) p(2x4) 1 0.042 9.964 -2.40 -2.09
Co(10-12) p(2x3) 1 0.056 7.473 -2.37 -2.06
Co(10-12) p(2x2) 1 0.083 4982 -2.24 -1.92
Co(10-12) p(2x4) 2,same stey 0.083 4977 -2.2 -1.88
2, different
Co(10-12) p(2x4) 0.083 5909 -2.30 -1.98
step

Note:2 number of K atom adsorbed on the sklbhe shortestdistance between Ktoms ¢,
adsorption energy of K, Gibbsfree energyhangeof K adsorption at 308.

The(0001) (10-11), and(10-12)facets, as the typical terrace and stepped facets, wertedelec

for studying the effect of coverage on K adsorptiDifferent coverages were represented by
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calculating the adsorption energies for one or two K atoms on slabs of different sizes as illustrated
in Fig.S2 and Fig.S3. Table 3 lists the K adsorption energies at different coverage for the selected
Co surfaces. On all surfaces the adsorption energy decreases with increasing coverage, confirming
a repulsive interaction between K atonmsagreement with experimental resift©n the(0001)

surface, an increase in coverage from 0.04 to 0.126 led to a destabilization in the orleiof 0.

(approx. ¥% change in the adsorption enexgy

The effect upon increasing coverage is similar in the case of the (10-11) and (10-12) facets as
shown in Table 3 and Figure S3. For the stepped surface (10-12) the relative position of the K
atoms plays a role. At the same coverage of 0.083 ML, K can adsorb along the same step edge or
at different step edges. The adsorption energy per K atom was 0.09 eV lower when situated at the
different step edges compared to adsorption at the same step edges. This difference can be

explained by the distance between the K atoms.

3.4 K diffusion behavior on different facetsof hcp cobalt

As mentioned in the introduction, the preseateery small amountef K leads tosignificant
changes in the activity and selectivity during #ES reaction In the previous work it was
suggested thahe surface mobility of adsorbed K could be of impode for this effect® As we
have shown here, the similar adsorption energies of K in different high symmetry sites on many
of the Co surfaces indicate that K atoms potentially can occupy different sites, thus it is very
interesting to study the diffusidbehavior of K. In this work, K atom diffusion barriers on typical
facets (0001), (1:01), and (1€12) were calculated ke CI-NEB method' The diffusion routes
and barriergre shown irFig. 6. Ontheterracefacet(0001) the diffusion barrier of Krom oneF

siteto another~ (P1)or H (P2) siteis negligible £0.01eV), indicating thatheK atomis mobile
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andcantransferfrom one site to anothem the (0001)facet On the (10-11) facet, Kdiffusion
barriers werslightly larger( Ol@teV), butstill low enough to indicatthat there are no significant
barriers to the mobility of KThe steppedacet(10-12) has anegligibleK diffusion barrieralong
the stegdrom one B site to another Bsite () (<0.01 e\j. However, the diffusioarrierof K
from one step to another stepslarger(0.56eV, P6 and P7. This indicateslarge mobility along

the step, buareducedorobability ofdiffusion across the step edges.
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014  p1 P2 P3 [Pa]

<0.01 <0.01 0.01 <0.01
o 0001) (10-11) (1012)

Diffusion Route

Fig. 6 K diffusion routes (a) and barriers (b) on different facets of hcp cobalt.

The low energybarriess indicate that surface diffusioof K is likely. However, asimple
calculation estimding the surface diffusion coefficieD=Doexp(Ebarie/RT)>® shows that a
barrier of 056 eV results in significantly lower diffusion rates at low temperatwesn compared
to a barrier of 0.01 eVassuming the same pegponential facto(Do) for all surfacesEven at
relevant FTS conditionsonsiderablylower diffusion rates are predicted (around four to five

ordersof-magnitude lowenvhen comparing these activation energidss mayimply that during
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FTSreaction K atoms (at low coverage) would be mobile to some extent, and tend to occupy the
most favorabl@dsorpion sites(such as B Bs sites)independent of their initial position. The large
effect observed on thHeT S activity by small amounts of Kould be interpreted to imply that the
same sites also are important for the FTS readfiti?®>’ But at thisstage we need taemember

that the system studied here is simplified. It is necegsatgke into account all other adsorbed
species on the surfadering FTS At operating conditions theobalt surface will be covered by a
range of adsorbates, such & BO*, OH*, C*, CH*, CHy*, CH3z*, etc 133994 K might have
strong interactions with some of the adsorbates, which might affect the diffusion of K on the
surface of coballso, here we have studied the interaction of metallic K, whereas under operating
conditions other K species such as KOH @Okcan be preseft> However, the interactions
between K and adsorbates and the K diffusion under reaction conditions agle ofitksie scope

of this manuscript, but should be addressed in order to fully understand the effect of potassium on

the FTS over cobalt.

4. Conclusions

A WuIff construction of theequilibrium shape indicated the exposed facets of hcp cobalt with
{10-11}, {10-10} and {0001} being the predominant facet adsorption was calculated at
different site of every exposed facéheBs siteon thestepped facet (102) exhibited the highest
adsorption energy, and themost preferred K adsorptiaite (0001), (D-10), (1611), 1015)
and (2130) also show relatively high K adsorptienergiesOther facets such as (20), (1121)
and (1124) are less faved We find that the interaction of K with Co is mainly of ionic character
independent othesurface orierdtion. Increasing the coverage weakened the bonding of K on hcp

Co due to repulsive adsorbadsorbate interaction. The K diffusion calculations showed that K
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is mobile on the terrace surfatacetCo(0001) with anegligible diffusion barrier, whereas the
barrier was somewhat higher for K diffusion on the Cel1Q On the stepped Co(I2) surface,

K can move freely along the step edges, while diffusion across a step edge meets a considerably
higher barrier Although the differences in adsorption enerdesveen favored adsorption sites

are small, the surface mobility of K indicates that adsorbed K would occupy théanwsidsites

(such as B Bs sites) independent on the initial location of K. Thas belp explain the large

effect of small amountsf K on the activity of Co catalysts.

Electronic Supplementary Information
The electronic supplementary information includes three additional figures (Fig. S1, S2, S3),

one table (Table S1), and entropy and zero-point energy calculation methods (Part 1).
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