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ABSTRACT

Context. Measuring the sticking coefficient of molecules pertinent to astrochemistry - such as CO - on substrates that mimic interstellar
dust grains is crucial for the comprehensive understanding of gas-grain chemical processes. Although astrochemical models assume
a sticking coefficient of 1, recent laboratory experiments on H2O and CO2 have revealed significantly lower values when measured
on small grain analogs. As the effect of grain size on molecular adsorption has been largely ignored to date, further experiments are
needed to determine the accretion rates of species known to freeze out on dust grains.
Aims. Our aim is to determine the sticking coefficients of CO and N2 on sub-micrometric silicate and carbon grains. By quantifying
realistic sticking coefficients on these dust grain analogs, we can improve the accuracy of astrochemists’ predictions of molecular
abundances as affected by gas-grain interactions.
Methods. The molecules of interest were added to various substrates at 10 K in an ultra-high vacuum. The amount of adsorbate that
stuck to the substrate was quantified using X-ray photoelectron spectroscopy. These quantities were compared to a reference with a
sticking coefficient of 1, allowing the deduction of the sticking coefficient for each substrate.
Results. The average sticking coefficients of CO and N2 on grain analogs are 0.17 for CO and 0.14 for N2 on olivine powder, and 0.05
for CO and 0.07 on N2 on soot, instead of the presumed 1. This is in line with the low values previously reported for H2O and CO2.
Conclusions. These laboratory results indicate that CO and N2, in addition to H2O and CO2, also exhibit a low sticking coefficient on
dust grain analogs. It is thus necessary to reconsider the interactions between gaseous species and dust particles as a low-efficiency
process. This reduction in accretion and reaction rates has important implications for how we understand astrochemistry.
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1. Introduction1

Carbon monoxide (CO) is one of the most important molecules2

found in space (Öberg & Bergin 2021). It has been studied both3

in astrophysical laboratory experiments and via observational as-4

tronomy, as well as through a myriad of computer models. Its5

abundance in molecular clouds – outmatched only by H2 in the6

gaseous phase and H2O in the solid phase – highlights its impor-7

tance in astrochemistry (McClure et al. 2023). It has been shown8

to play a key role in the evolution of the chemistry of the inter-9

stellar medium (ISM) and protoplanetary disks, both in the gas10

phase and as ice frozen out on dust grains (Powell et al. 2022;11

Öberg 2016).12

The accretion of gaseous species onto interstellar dust grains13

relies on a parameter known as the sticking coefficient (SC). This14

value represents the likelihood of a gas-phase atom or molecule15

sticking to a grain’s surface after it collides with it. So far, exper-16

imental SC values have been obtained on centimetric flat sub-17

strates (metals, carbon, and silicates), dry or covered with water18

ice, but not on sub-micrometric grains resembling those found19

in the ISM. With some exceptions (e.g., Chakarov et al. (1995);20

Dohnálek et al. (2001)) these experimental SCs were consis-21

tently measured to be about 1 for H2O (Brown et al. 1996), CO,22

N2, O2, CH4 and CO2 (Bisschop et al. 2006; Fuchs et al. 2006;23

Acharyya et al. 2007; Noble et al. 2012; He et al. 2016), as well24

as for H2 and D2 at low gas temperatures (Chaabouni et al. 2012).25

Consequently, this value has been assumed to be 1 for any gas-26

phase species, notably in astrochemical modeling (Cuppen et al. 27

2013). 28

However, these experimental SC values do not faithfully rep- 29

resent the process of adsorption onto the rugged sub-micrometric 30

particles that make up cosmic dust. Recent measurements on 31

cosmic grain analogs have revealed that the SCs of molecular 32

H2O and CO2 ices are far lower than the assumed unity (Laffon 33

et al. 2021). In fact, the tendency of small grains to poorly nu- 34

cleate ice is a long-known phenomenon in the aerosol chemistry 35

of planetary atmospheres. In this field, it is well accepted that 36

the efficiency with which aerosol particles nucleate ice decreases 37

with aerosol particle size, a parameter deemed more important 38

than the aerosol’s chemical composition (Dusek et al. 2006). A 39

comprehensive review of more than 160 laboratory studies on 40

heterogeneous ice nucleation onto small particles can be found 41

in Hoose & Möhler (2012). Experiments consistently report that 42

only a fraction of the aerosol particles’ surface nucleates ice, 43

which is assumed to be dependent on several surface-related 44

factors, such as defects or crystallographic faces. An illustra- 45

tion of this phenomenon is the direct observation of nonhomo- 46

geneous ice nucleation on micrometric mineral particles (Wang 47

et al. 2016). It shows that ice only nucleates on some parts of 48

the particles, with other parts remaining bare. At the nanoscale, 49

quantum modeling also indicates that selective condensation oc- 50

curs in the concave cavities of small grains and, conversely, is 51

hindered by convex areas (Buch & Czerminski 1991; Buch et al. 52

1996). Curvature effects on heterogeneous nucleation can also 53
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be modeled from classical nucleation theory and has been found54

to be important on spherical particles on a quasi-molecular scale55

(Fletcher 1958; Conrad et al. 2005); nucleation is less favorable56

on convex surfaces and more favorable on concave surfaces (the57

Kelvin effect; (Fletcher 1969)). For small particles, molecular-58

scale morphology is therefore related to their ability to nucleate59

ice. This effect has also been sporadically evoked in the con-60

text of ice condensation in astrophysics (Papoular 2005; Sirono61

2011). It is therefore essential to reevaluate the SCs of impor-62

tant astrochemical molecules on realistic grain surfaces in this63

context.64

Lower SCs result in a reduction in the growth of molecu-65

lar ice layers, as well as a slowing of the chemical processes66

that convert atomic species into molecular ones under interstel-67

lar conditions (Ruffle & Herbst 2002). Furthermore, the precise68

comprehension of how atoms accrete and diffuse on surfaces is69

vital for the modeling of these reactions (Herbst & Cuppen 2006;70

Biham et al. 2001; Cuppen et al. 2017). It is also important to71

consider the growth of molecular ice on grains in the presence72

of a preliminary layer of water ice. As demonstrated by Pontop-73

pidan et al. (2003) and widely accepted since, CO freezes out in74

space onto dust grains coated in layers of water ice. Following75

this, measurements taken for this study were conducted both on76

dust analogs that were covered in water ice and "dry" samples,77

to obtain an understanding of the effect of water ice on the SC of78

molecules on grains.79

The present study builds on that of Laffon et al. (2021),80

who used X-ray photoelectron spectroscopy (XPS) to mea-81

sure the growth of CO2 and H2O ice layers on various cosmic82

grain analogs. XPS allows for the quantification of adsorbed83

molecules independently of the specific surface area of the sub-84

strates, which is not possible with other available techniques.85

This method was used to measure the sticking probability of CO86

and N2 on grains, complementing the study of CO2 and H2O87

to determine whether these low SCs are a general phenomenon.88

While CO was selected due to its abundance and significance in89

the ISM, N2 was chosen for the sake of comparison, as it has90

the same molecular mass as CO but possesses different chemical91

properties, such as no electric dipole. This allowed the impact of92

molecular characteristics on the system to be assessed. No dipole93

moment also implies that N2 is not directly detected in space, but94

astrochemical simulations predict that it exists in significant con-95

centrations in ices (Iqbal & Wakelam 2018) and is necessary for96

the development of observed nitrogenous species, such as NH397

or HCN.98

2. Methods99

This study was conducted using the SUrface MOleculaire100

(SUMO) ultra-high vacuum setup at the Centre Interdisciplinaire101

de Nanoscience de Marseille (CINaM), at Aix-Marseille Univer-102

sité. The complete methodology has been extensively described103

within the Supplementary Information of Laffon et al. (2021).104

In brief, in a first chamber with a base pressure of 1.10−10 Torr,105

molecular vapors are condensed onto a cooled substrate and held106

on a temperature-controlled closed-circuit cryostat (SHI-APD),107

with a minimum temperature of 10 K. This chamber includes108

several microleak valves for the background dosing of CO, N2,109

and H2O gases, a quadrupole mass spectrometer (Hiden) to mon-110

itor the pressure of the vapor of the added CO or N2 within, and111

a cold cathode ion gun (VG) to clean the surfaces with argon112

ions before a study. The XPS measurements were carried out113

in a secondary chamber, composed of an X-ray tube (PSP Vac-114

uum TX400) operated at 100 W and located 7 cm from the sam-115

ple, and a hemispherical electron analyzer (PSP Vacuum Resolve 116

120) with a pass energy of 50 eV. The XPS data were recorded at 117

a take-off ("magic") angle of 55 degrees, which allowed a direct 118

comparison of the quantities of a molecule adsorbed on both flat 119

surfaces and grains (Gunter et al. 1997). This second chamber 120

also includes an FTIR setup in a vacuum (JASCO 6300V) with 121

a reflection-absorption geometry, which allowed us to confirm 122

that the SC of CO on Au is 1 (see Appendix A) - a value close 123

to the 0.9 reported using thermal desorption by Bisschop et al. 124

(2006). FTIR was also used to check that only minor amounts 125

of X-ray byproducts were created during the study, as well as 126

to ensure that X-ray photodesorption was negligible during the 127

experiments (Basalgète et al. 2022). 128

The CO and N2 samples were added in the gas phase to each 129

substrate maintained at 10 K. Sequential additive gas exposures 130

were required to determine SCs; they were made with partial 131

pressures of 1.10−8 Torr during the time necessary to obtain 132

the desired exposure in langmuirs (1L = 1.10−6 Torr.sec). Ap- 133

plying the Hertz-Knudsen relationship, which relates molecular 134

flux to gas pressure, 1 langmuir is equivalent to 1015 molecules 135

impacting the surface per cm2 per second, provided that the 136

pressure - as measured by a Bayard-Alpert gauge - is corrected 137

from the ionization coefficient and divided by the square root of 138

the molecular mass of the considered molecules (Schutte et al. 139

1993). Using the commonly accepted density of surface sites of 140

1015 sites per cm2 for a monolayer (ML), 1 L of gas exposure 141

leads to a condensed layer of 1 ML for an SC of 1. Hereafter, 142

gas exposure is defined in ML units. The surface coverage val- 143

ues used in Fig. 2 are also in ML units, and are defined as the 144

SC multiplied by the gas exposure. The surface coverage was 145

obtained from the XPS elemental analysis of the surface compo- 146

sition after each gas exposure, which allowed for a comparison 147

of the SC on various substrates. Each successive exposure in- 148

creased the XPS adsorbate signal, which was compared to the 149

equivalent amount of CO on a gold surface, which has a SC of 150

1. We assumed that the SC is also 1 for N2 on gold. This ratio 151

provides the SC for the molecules on the substrate of interest. 152

Further details on the method are given in Appendix A. 153

The substrates used were (1) a gold foil of 1 cm2 (99.95%, 154

Alfa Aesar), (2) a cut and polished unoriented olivine crystal of 1 155

cm2 (originating from San Carlos), (3) a micrometric olivine ob- 156

tained after finely grinding the remains of the cut from the same 157

olivine crystal (0.30 ±0.14 µm), and (4) a soot sample made of 158

carbon nanoparticles (0.025 µm) with a graphitic structure (see 159

Appendix B). The gold foil and olivine crystal were affixed with 160

silver paint directly onto the sample holders, while the olivine 161

powder was deposited via drop casting. These sample holders 162

were then affixed to the cold finger to ensure an efficient ther- 163

mal contact. Before cooling, all surfaces were cleaned with a 164

5-minute argon ion bombardment at 4 keV, resulting in the loss 165

of their crystallographic order to a depth of around 10 nm for 166

both the carbon soot and the olivine samples, whose surfaces 167

needed to be entirely amorphous. In powdered samples like soot 168

and olivine powder, thermal conduction happens through perco- 169

lation; the cold temperatures diffuse into the sample from the 170

cold finger it is in contact with. If the sample is too thick, cold 171

conduction within the powder can be slow, leading to a temper- 172

ature difference between the part of the sample in contact with 173

the cryostat and its surface facing the vacuum. The surface re- 174

ceives thermal energy from the chamber walls, counteracting the 175

cooling process. 176

For each sample, we ensured that the XPS signal from the 177

substrate completely disappeared at high CO or N2 exposure. 178

This confirmed that the surface of the grains was covered by the 179
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expected multilayer of CO or N2, and was correctly cooled to the180

cryostat temperature. Otherwise, the surface of the grains would181

be warmer than the cryostat, which could lower the SC (He et al.182

2016).183

For samples covered with water ice, the H2O exposure was184

made at 120 K to form a nonporous amorphous solid water185

(ASW) layer before being cooled to 10 K. The thickness of186

this layer was 30 ML on flat substrates and 3 ML on powders,187

thin enough to conserve their rugged surface morphology. In188

nonporous solid water films, molecular diffusion is limited (He189

et al. 2019), and therefore our measurements of the SCs on ice-190

covered substrates should not be affected much by diffusion into191

the bulk of the ice layers.192

3. Results and discussion193

Figure 1 shows the SCs for CO and N2 adsorbed onto the various194

substrates, dry and pre-covered with H2O ice (they are also listed195

in Table C.1). These SC values are the average of the three to four196

experimental values obtained for successive gas exposures of ≤197

1 ML. They are presented as a function of the average diameter198

of the grains, considered as spherical for the sake of simplicity.199

The blue rectangle labeled "ISM grain size" delimits the typical200

size range of ISM grains. The SC values were found to be 0.50201

for CO and 0.40 for N2 on the olivine crystal – values that are202

in agreement with the 0.47 reported for CO on MgO (Dohnálek203

et al. 2001). It falls to 0.17 for CO and 0.14 for N2 on the olivine204

powder, and 0.05 for CO and 0.07 for N2 on soot. For surfaces205

covered with nonporous ASW ice layers, the SCs are 0.60 for206

CO and 0.45 for N2 on the olivine crystal, 0.13 for CO and 0.17207

for N2 on olivine powder, and 0.10 for CO and 0.09 for N2 on208

soot. The SCs are similar when the grains’ surfaces are dry or209

covered in water ice, demonstrating that the chemical composi-210

tion of the grains’ surface has a minimal impact on the adsorp-211

tion probability. Conversely, on the flat surface of olivine, the212

nature of the adsorbate modifies the SC value, which is slightly213

higher for CO than for N2, as well as slightly higher in the pres-214

ence of ice. These findings are consistent with the Laffon et al.215

(2021) study on H2O and CO2, comparable in both the measured216

SC and the idea that there is seemingly no significant connec-217

tion between the nature of the molecules and the grains’ surface218

chemistry at this scale.219

For cosmic dust analogs, the main parameter influencing the220

SC is, to a first approximation, the size of the grains. The smaller221

the size of the substrate, the lower the SC. Yet, it is essentially222

the local morphology - on a molecular scale - that is the most223

important parameter controlling the SC. For small grains, mor-224

phology and size are correlated, since their small size implies the225

existence of entire sections of their surface with a convex curva-226

ture. Due to the Kelvin effect on a molecular scale, these convex227

areas are places where sticking is naturally weaker than on flat228

parts and concave surfaces, such as valleys, where condensation229

occurs preferentially (Fletcher 1958, 1969; Buch & Czerminski230

1991; Buch et al. 1996; Grosfils & Lutsko 2021).231

Figure 2 presents the evolution of the SCs as a function of232

the surface coverage of both CO and N2 on grains. The SCs re-233

main consistently low throughout the entire range of coverages234

investigated, with some variations. On soot, very little change is235

observed, while on olivine grains the initial SCs have a higher236

value before dropping after the coverage of 0.3 ML, for both CO237

and N2. As of now, there is a lack of molecular-scale characteri-238

zations to explain the detail of these curves; however, in the case239

of olivine, the first molecules to land on the surface have a higher240

sticking probability, likely due to a preferred adsorption onto241

Fig. 1. SCs with respect to substrate size (note the logarithmic scale).

surface defects. These defects are nucleation sites for molecular 242

clusters (Stirniman et al. 1996), which grow from those points 243

to cover parts of the substrate (Wang et al. 2016). The cluster 244

shapes depend on the motion of the adsorbate on the surface and 245

can be simple, such as round islands, or complex, such as frac- 246

tal frost (Witten & Sander 1981). Adsorption then proceeds on 247

top of or at the edges of these initial clusters, and extends onto 248

the bare surrounding areas, where the adsorption probability is 249

low if the local surface of the substrate is convex or chemically 250

repulsive. The clusters then grow until they cover all parts of 251

the substrate, while the molecular layer develops into the third 252

dimension. In surface science, this is described by the Volmer- 253

Weber growth mode, if the area around the islands remains de- 254

void of molecules, or a Stranski–Krastanov growth mode, if the 255

islands grow on a monolayer (Yu & Thompson 2014; Song et al. 256

2014). This type of growth has been reported for water adsorp- 257

tion on graphite (Chakarov et al. 1995). For each experiment, no 258

XPS signals from the substrate can be detected around 7 ML, 259

confirming that the whole grain ends up being completely cov- 260

ered by the molecular layers. Yet, the SCs do not reach values 261

close to 1 for CO or N2 multilayers grown on flat substrates. As 262

the layers studied are very thin, they retain the morphology and 263

hence the curvature of the substrate on which they are deposited. 264

As discussed previously, the morphology of the substrate is the 265

most important parameter controlling the SC, which therefore re- 266

mains low over the entire range of coverages studied. This also 267

clarifies why pre-coating the grains with an H2O layer does not 268

significantly raise the SCs: it preserves the morphology of the 269

substrate (i.e. the convex areas), which ultimately keeps the SCs 270

low. Molecular dimensions being very small compared to mor- 271

phological variations, large thicknesses are required to fill holes 272

and smooth out the grain surface, so the SC is likely to tend 273

toward the values observed on flat substrates (He et al. 2016; 274

Bisschop et al. 2006). 275
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Fig. 2. Evolution of CO (a) and N2 (b) SCs on different substrates, with
coverage (note the logarithmic scale).

4. Conclusion276

The SCs on grain substrates are 0.17 for CO and 0.14 for N2 on277

the olivine powder, and 0.05 for CO and 0.07 for N2 on soot.278

These values are consistent with those found previously for CO2279

and H2O on the same grain analogs. There is little effect on the280

SC stemming from the various substrates’ chemistries, as shown281

by similar values between dry and ice-covered grains. Rather,282

the SC is primarily dependent on the morphology of the sub-283

strate itself. For interstellar dust, low SC values will persist until284

accretion and coagulation processes have increased the radius of285

their grains. We have also shown that this weak adsorption abil-286

ity persists even at high surface coverages, indicating that these287

low SCs should be used not only for first molecular layers, but288

also for greater thicknesses, until cavities are filled to create a289

flat surface.290

5. Astrophysical implications291

In addition to H2O and CO2, these findings show that CO and292

N2 exhibit a low SC on dust grains. This suggests a universal293

character of the effect of grain size on condensation, and points294

to the need to rethink the interactions between gas-phase species295

and dust grains as a low-efficiency process. The implications of296

this study are consequential, notably when considering computa-297

tional astrochemistry. As mentioned, astrochemical models that298

study gas-grain reactions on the grain surface use an SC of 1 for299

every molecule, on every surface type. The low measured SCs300

will reduce both the accretion rate and reaction rates, by several301

orders of magnitude, changing the time needed for chemical evo-302

lution to occur. This change in the kinetics of condensation can 303

be extrapolated from CO and N2 to atoms such as H, C, O and 304

N, as well as other relevant molecules, if restricted only to ph- 305

ysisorption processes. In a chemical kinetics view, the reaction 306

rate is proportional to the molecular concentration of the reac- 307

tants. So, for a bimolecular reaction, the rate is proportional to 308

the square of the concentration and would therefore be reduced 309

by SC2. If we consider an average SC of 0.1 per molecule, the 310

rate of bi-atomic reactions A+B will fall by a factor of SC(A) 311

x SC(B), or by 1 × 10−2, and by a factor of 1 × 10−3 for three- 312

body reactions. Revisiting reaction rates in models that involve 313

gas-grain interactions (Ruaud et al. 2016), but in which SCs are 314

standardized as being 1, is therefore necessary to obtain a more 315

complete image of gas-grain reactions, accretions rates, and gas- 316

solid partitioning below the snow lines. Another astrophysical 317

implication is that sticking on large grains (> 1 µm, like in proto- 318

planetary disks) can be expected to be lower than unity if they are 319

made of agglomerates of small particles (Jones & Ysard 2019), 320

as in this case molecular sticking is controlled by the SC on the 321

primary small particles that make up the larger grain. 322
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Appendix A: Methods: Additional information382

Figure A1 presents the process of obtaining the SCs (SC) from383

XPS data of CO on carbon nanoparticles (soot). Initially, the CO384

adsorption on a gold foil serves as a reference. The XPS spectra385

in Figure A1(a) and A1(b) show the C1s and Au 4f lines for CO386

on gold, respectively, at 0.0 ML (bare surface) and, as an exam-387

ple, at 0.8 ML CO exposure. At 0.0 ML, the C1s peak at 284 eV388

results from small amounts of carbon contamination of the gold389

foil. At 0.8 ML, the CO peak at around 290 eV indicates CO390

adsorption on the gold foil. Concurrently, the C1s peak at 284391

eV diminishes slightly due to the CO adlayer. The Au 4f lines392

also slightly decrease after 0.8 ML of CO exposure. CO deposi-393

tion on the gold foil is simultaneously monitored with FTIR in394

reflection absorption mode, using the intensity of the CO stretch-395

ing band at 2142 cm−1 converted to ML, using the band strength396

of 1.1x10−17 cm.molecule−1 and the conversion factor 1 ML=397

1015 molecules.cm−2. Figure A1(c) illustrates the deposited CO398

layers in ML calculated from FTIR as a function of exposure,399

determined by both the dosing time and collision rate. Figure400

A1(c) shows that the amount of CO condensed on gold matches401

the CO exposure in the gas phase (points align on the diagonal402

line). This indicates an SC=1 for CO on gold.403

Figure A1(d) presents the XPS spectra of CO adsorption on404

carbon nanoparticles (soot), at 0.0 ML and 12.5 ML exposures.405

The signal from the adsorbate appears as a peak labeled "CO" at406

around 290 eV, while the C1s peak of the soot substrate is at 284407

eV and decreases after the exposure of 12.5 ML of CO. To ensure408

that the amount of CO deposited on a rugged substrate (such as409

soot) is comparable to that deposited on a flat substrate (gold410

foil), data must be recorded at the 55° take-off "magic" angle.411

To obtain the SC of CO on soot, we proceed as follows. The412

amount of adsorbate atoms deposited per surface unit is obtained413

by summing the intensities of all relevant emission lines of the414

adsorbate, such as the C1s and O1s lines of CO, and dividing415

by the emission line intensities of all the atoms (adsorbate plus416

substrate); all lines being corrected for their respective relative417

sensitivity factors (RSFs). Surface RSFs were used below one418

ML coverage, and bulk RSFs beyond (Wagner 1983). This ratio419

allows us to get rid of the surface area and electron shadowing420

effects intrinsic to the photoemission process of rough surfaces,421

and thus represents the adsorbate coverage of the substrate per422

unit surface area.423

This ratio is plotted in Figure A1(e) for CO on gold and soot424

substrates. CO coverage increases more slowly on soot than on425

gold, indicating a lower SC. To determine the SC on soot pre-426

cisely, a graphical method is used. For a specific adsorbate frac-427

tion, such as 45% (point 1), a horizontal (green) line is drawn428

to find the corresponding CO exposures for both gold (red) and429

soot (blue) substrates; in this case 0.83 ML on gold and 12.5 ML430

on soot. The SC of CO on soot was then calculated by dividing431

the CO exposure on gold (point 2) by the CO exposure on soot432

(point 3), which is 0.83/12.5=0.066 in this example.433

Fig. A1: Data analysis. (a) XPS C1s and (b) XPS Au 4f data for CO
adsorbed on gold at 10 K, at 0.0 ML and 0.8 ML of CO exposure. (c)
Number of CO layers deposited on gold as a function of CO exposure,
deduced from the infrared strength of the stretching CO band at 2142
cm−1. IR intensities follow the diagonal line when SC=1. (d) C1s XPS
data for CO adsorbed on soot at 10 K, at 0.0 ML and 12.5 ML of CO
exposure. (e) CO coverage per unit surface area (in percent) deduced
from the XPS signals (see the main text) as function of the CO exposure.
The graphical method for determining the SC of CO on soot consists in
dividing the exposure on gold (point 2) by the exposure on soot (point
3) necessary to obtain the same coverage (point 1; see the main text).
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Appendix B: Scanning electron microscopy of soot and powdered olivine samples 434

Fig. B1. Scanning electron microscopy images of the soot (a) and powder of olivine (b) samples.

Figure B1 displays scanning electron microscopy (SEM) images of soot (a) and powdered olivine samples (b). Particle size dis- 435

tributions were determined from those images using ImageJ v1.53, an open-source image processing software. The soot sample is 436

made of fractal assemblies of small primary carbon particles (diameter 0.025 µm). The powdered olivine, resulting from grinding 437

olivine crystals, consists of irregular grains and platelets with an average equivalent diameter of 0.30 ±0.14 µm. In Figure B1(b), 438

small grains and platelets mostly cover larger platelets, shaping the powder’s morphology onto which CO adsorbs. 439

Appendix C 440

Table C.1. Sticking Coefficient per condition

Substrate CO N2 H2O* CO2*

Dry
Gold 1 ± 0.07 1 ± 0.07 1 ± 0.07 1 ± 0.07
Olivine Crystal 0.50 ± 0.07 0.40 ± 0.07 0.65 ± 0.07 0.42 ± 0.07
Olivine Powder 0.17 ± 0.02 0.14 ± 0.03 0.15 ± 0.01 0.06 ± 0.01
Carbon Nanoparticles 0.05 ± 0.02 0.07 ± 0.02 0.09 ± 0.01 0.04 ± 0.003
On non-porous ASW
Olivine Crystal 0.60 ± 0.11 0.45 ± 0.07 − −

Olivine Powder 0.13 ± 0.02 0.17 ± 0.04 − −

Carbon Nanoparticles 0.10 ± 0.02 0.09 ± 0.03 − 0.04 ± 0.003

Notes. Mean SCs per molecule and substrate. The SC values are the average of the experimental values found under 1 ML of gas exposures.
*Results and SC estimated errors from Laffon et al. (2021) 441
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