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 10 

 11 

ABSTRACT 12 

 13 

Photo-initiated chemical vapor deposition (PICVD) is a solvent-free process that can 14 

be used to produce thin films on a variety of substrates, with applications in fields 15 

ranging from biomedicine to optics and microelectronics. This study presents a kinetic 16 

analysis for this process using syngas (CO+H2) as a precursor for the surface treatment 17 

of single walled carbon nanotubes (SWCNT) with average dimensions of 1.5×100 nm 18 

(diameter × length), and addresses the role of iron pentacarbonyl (Fe(CO)5), a photo-19 

active contaminant found in CO. This work builds upon previously-developed reaction 20 

schemes for PICVD, based mainly on surface characterizations, by coupling these 21 

analyses with gas-phase monitoring. This allows us to propose two separate reaction 22 

schemes for the gas and surface phase reactions and consider temperature effects. On-23 

line FTIR, off-line GC-MS and on-line GC characterized the gas phase, while for 24 

surface characterizations, XPS and TGA were used. Characterizations showed that a 25 

coating with a general formula of CnO3nFen  was deposited, corresponding to 0.29±0.04 26 

mg carbon and 0.49±0.03 mg iron on the SWCNT substrate over the course of 27 

treatment. The Fe(CO)5  was identified as the key reactant in syngas/PICVD reactions 28 

and was nearly completely consumed (94%). Mass balances derived from the gas phase 29 

characterization showed that Fe(CO)5  inputted to the plug flow reactor could potentially 30 

contribute all the amount of 0.49±0.03 mg of Fe and 0.29±0.04 mg of C to the coating 31 

on the SWCNT, indicating that syngas/PICVD can be optimized in future to decrease 32 

gas throughput. Temperature did not show a significant effect in the case of PICVD. 33 



However, in the absence of ultraviolet light, its role becomes determinant, with rising 34 

temperatures causing more Fe deposition. 35 

 36 

KEYWORDS: PICVD; Photo-initiator; Coating; Iron Pentacarbonyl; Surface 37 

Treatment 38 

 39 

 40 

1. Introduction 41 

 42 

Chemical vapor deposition (CVD) is a process used in the semiconductor industry to 43 

produce thin films. The use of thin solid films is widespread - they are used in different 44 

technological areas such as microelectronics (integrated circuits, transistors), optical 45 

devices (laser, fibers), magnetic materials, solar energy conversion and ceramic 46 

industry (Dorval Dion et al. 2014). CVD can be classified into three major processes, 47 

namely thermally activated CVD (TACVD), plasma enhanced CVD (PECVD), and 48 

photo-initiated CVD (PICVD). In PICVD, chemical reactions are initiated by light 49 

photons (Dorval Dion et al. 2014; Farhanian et al. 2017) making use of various photo-50 

sensitive precursors such as ethylene (C2H4) (Kasparek et al. 2016; Ruiz et al. 2010), 51 

butadiene (C4H6)  (Kasparek et al. 2016), hydrogen sulfide (H2S) (Kasparek et al. 2016), 52 

ammonia (NH3) (Girard-Lauriault et al. 2012), and ozone (O3) (Raja 2014) to 53 

synthesize the desired coatings. For example, Kasparek et al. (2016) co-polymerized a 54 

gas mixture of ethylene/butadiene with hydrogen sulfide (H2S) to obtain thiol-55 

terminated thin films under vacuum-ultraviolet (VUV) irradiation (Kasparek et al. 56 

2016). Precursor selection depends on the desired film properties and the available 57 

excitation wavelength of the light source (Choy 2003). The resulting film features are 58 

affected by kinetic and operational parameters such as choice of precursors, their 59 

respective flow rates (and molar ratio), their residence time in the system, the total 60 

pressure in the reactor, and the substrate temperature (Andrzejewska 2001b; Choy 61 

2003). In particular, residence time can be directly related to other processing 62 

parameters such as treatment time, sample position inside the reactor and total flow rate 63 

of precursors, namely when using syngas (CO+H2) as the precursor (syngas/PICVD or 64 

PICVD) (Hosseininasab et al. 2017). PICVD has demonstrated wide potential as a 65 

solvent-free surface engineering tool, able to deposit coatings and treat various surface 66 



geometries (nanoparticles to flat substrates) under ambient conditions. This ability to 67 

operate at or near atmospheric pressure simplifies implementation, but complexifies the 68 

chemistry, as various simultaneous and interdependent processes take place, including 69 

homogeneous gas phase reactions (leading to reactive species formation), transport of 70 

these reactive species to the surface by passing the boundary layer, 71 

chemisorption/physisorption and desorption at the substrate surface, and heterogeneous 72 

reactions on the substrate yielding a solid functional deposit. This complexity is 73 

compounded by the presence of unexpected compounds, such iron pentacarbonyl 74 

(Fe(CO)5), a photo-active contaminant found in CO (Nasri Lari et al. 2017). 75 

Fe(CO)5  forms over time inside steel CO cylinders, through a reaction with the cylinder 76 

wall at high-pressure (Williams and Shaddix 2007). Its absorption cross section peaks 77 

at wavelengths between 200 and 350 nm (Kotzian et al. 1989), meaning that it is readily 78 

dissociated by the light emitted by low-pressure Hg discharge germicidal ultraviolet C 79 

(UVC) lamps used in recent PICVD work to form reactive intermediates (Kotzian et al. 80 

1989; Seder et al. 1986a). The thermal decomposition of Fe(CO)5  is reported between 81 

160 and 300 °C and forms Fe (III) oxide intermediates and iron oxide particles (Fondell 82 

et al. 2015; Wang et al. 2013). Our group previously suggested a preliminary kinetic 83 

model for PICVD based on surface characterizations (Dorval Dion et al. 2014; 84 

Farhanian et al. 2017). Dion et al. (2014) applied PICVD to functionalize flat surfaces 85 

under UVC light (253.7 nm) and they proposed a set of kinetic reactions based on 86 

Fischer–Tropsch synthesis (Dorval Dion et al. 2014). In their kinetic model, CO and 87 

H2  played the leading roles and the Fe(CO)5  contribution was not considered. Farhanian 88 

et al. (2017) further detailed the reaction kinetics when treating silicon substrates - 89 

although Fe(CO)5 was considered in this kinetic model, the growth and termination 90 

reactions were mostly based on CO and H2  (Farhanian et al. 2017). Considering the fact 91 

that syngas/PICVD is a flexible and promising method to change the surface properties 92 

of nanomaterials, it is necessary to clarify the reaction mechanisms at play for process 93 

scale-up to be eventually considered. 94 

Our previous work (Hosseininasab et al. 2017) aimed to tailor the surface properties of 95 

single-wall carbon nanotubes (SWCNTs) using PICVD, as these fascinating materials 96 

have various applications exploiting their unique properties (such as high electrical 97 

conductivity and tensile strength (Lee et al. 2001)), but require surface modification for 98 

example to alter their wettability to facilitate their use in polar media (a key requirement 99 



for biomedical applications). Given the potential of these nanomaterials, and the need 100 

to improve our understanding of the PICVD process, the present work deals with the 101 

in-depth kinetic modeling of PICVD considering both gas and surface phase reactions, 102 

as well as temperature effects on the functionalization of SWCNTs. To see how 103 

temperature affects precursor concentrations and deposition rates, we also investigated 104 

the functionalization of SWCNTs with TACVD, in which the light excitation of PICVD 105 

is replaced by heating. In the proposed model, we considered various kinetic parameters 106 

such as reaction rate of Fe(CO)5  and temperature. The kinetic parameters are obtained 107 

experimentally.  108 

 109 

 110 

2. Materials and Methods  111 

2.1. Materials  112 

 113 

Pure SWCNTs (P-SWCNTs) (96.5% w/w), syngas (CO and H2, 99.97%), argon (99.9%) 114 

and hydrogen peroxide (H2O2, 50% (w/w)), were purchased from Raymor-NanoIntegris, 115 

Air Liquide, and Fisher Scientific (Montreal, Quebec), respectively. Liquid iron 116 

pentacarbonyl (Fe(CO)5,  >99.99%) was purchased from Sigma-Aldrich. CO and CO2  117 

calibration gas cylinders were purchased from Air Liquide. Two 96 cm-long UVC 118 

germicidal lamps (Model T-97505-80, Cole-Parmer Inc, low pressure Hg discharge, 119 

irradiance of 0.01 W/cm2  at 3.5 cm) with the main and minor emission peaks at 253.7 120 

and 185 nm, respectively, were used for all experimental treatments. 121 

 122 

 123 

2.2. Experimental Procedures and Conditions 124 

 125 

The PICVD reactor used in this study consisted of a 25-mm internal diameter quartz 126 

tube reactor illuminated by two UVC lamps, with gas flow supplied through three mass 127 

flow controllers (Brooks, series 5850E) and a syringe pump for photo-initiator (PI) 128 

injection (Fig.1) (Hosseininasab et al. 2017). SWCNT samples to be treated (in the form 129 

of bucky paper) were placed 30 cm from the reactor inlet, on a sample holder held at 130 

45° with respect to the gas flow. After purging the reactor with argon, CO (containing 131 

traces of Fe(CO)5, evaluated at 6.7±0.2 ppm/min, Fig. S1 in supplementary results) and 132 
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quantifications, the HayeSep N column (80/100 Mesh 0.5m×1.8” IS) was used, while 155 

less stable components such as organic materials or Fe(CO)5  were characterized with 156 

the Molsieve 5A column (13×80/100 Mesh 1.5m×1/8” IS). Helium served as carrier gas 157 

(flow rate of 0.5 mL/min). The gas samples analyzed were collected from the PICVD 158 

reactor using a Tedlar bag. For Fe(CO)5  quantifications, 10 µl volume samples were 159 

injected to the GC-MS, while in the case of CO/CO2, the column was first purged and 160 

then filled by the sample. The oven temperature had an isotherm at 45 °C for 20 min, 161 

and then increased linearly from 45 to 230 °C, until a total analysis time of 90 min was 162 

reached. Three Fe(CO)5  samples diluted in toluene with concentrations of 0.1, 0.5, and 163 

100 ppm were used for calibration of the GC-MS signal (Fig. S1, supplementary 164 

information). Here, based on the NIST 2010 library, components with a quality 165 

percentage over 90% are identified and reported (P. J. Linstrom and Mallard 2001) . To 166 

further quantify H2, CO, O2, N2, C2-C4  hydrocarbons and CO2, micro-gas 167 

chromatography (Varian CP-4900 Micro Gas Chromatograph) was used as well.  168 

All treated samples (SWCNT sheets) were characterized via X-ray photoelectron 169 

spectroscopy (XPS) (VG ESCALAB 3 MKII system using a Mg Kα source), with 100 170 

eV pass energy in 1 eV energy step size applied for survey scans. To obtain more insight 171 

into the composition of treated samples, high-resolution (HR) spectra were collected, 172 

with 20 eV pass energy in 0.05 eV increments. All peaks were fitted as per Yang and 173 

Sacher’s approach (Yang and Sacher 2002).  174 

Thermogravimetric analyses (TGA) of the treated SWCNTs were performed with a 175 

Q500 TA instrument under air, over a temperature range of 30-800 °C and a heating rate 176 

of 10 °C/min (around 4.5 mg samples in a platinum TGA pan). 177 

 178 

 179 

3. Results and Discussion  180 

3.1. Surface Characterization 181 

3.1.1. X-ray Photoelectron Spectroscopy  182 

 183 

We previously studied surface treatment of SWCNTs using PICVD and characterized 184 

the surface chemistry extensively by XPS (Hosseininasab et al. 2017). Briefly, the 185 

survey XPS spectra showed approximately 20% at. carbon (C), 20% at. iron (Fe) and 186 

60% at. oxygen (O) on the surface (Fig. 2). Conversion of these values into weight 187 
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3.1.2. TGA Characterization 259 

 260 

The deposits formed both with and without UVC illumination, at room temperature and 261 

at 200 °C, were quantified via TGA analyses. The data presented in Fig. 5 is extracted 262 

from the raw TGA and DTGA information presented in Fig. S4 in supplementary 263 

information. This interpretation, based on (Kim et al. 2009; Li et al. 2004), shows that 264 

a 4.51 mg samples of P-SWCNTs is composed of 3.43±0.11 mg C=C carbon 265 

(76.1±3.0% w/w, from the SWCNT structure), 0.42±0.03 mg humidity (9.5±0.8%, 266 

w/w) and 0.65±0.11 mg residue (14.5±2.9%, w/w). The residue is composed of 267 

graphitic C, soot and most importantly metallic species such as Fe (sourced in this case 268 

from the catalyst used for SWCNT growth (Bystrzejewski et al. 2008; Wang et al. 269 

2004)). After PICVD treatment, SWCNT samples weighing 4.27 mg were composed 270 

of 1.98±0.04 mg C=C carbon (46.4±0.9%, w/w) and 1.64±0.03 mg residue (38.5±0.7%, 271 

w/w), with a new DTGA peak assigned to deposited C (in the form of C-C) accounting 272 

for 0.29±0.04 mg (6.7±1.0%, w/w) (remainder is humidity). In the absence of UVC 273 

light (TACVD), the treated SWCNT sample (3.09 mg) consisted of 1.37±0.03 mg C=C 274 

carbon (44.3±1.2%, w/w), 1.43±0.03 mg residue (46.3±1.1%, w/w) and only 0.24±0.02 275 

mg deposited C (7.8±0.8%, w/w) (remainder humidity). To confirm that Fe (derived 276 

from iron pentacarbonyl) is responsible for the increased residual fraction measured 277 

after the various treatments, we characterized the residue using XPS. For PICVD 278 

samples, the residual fraction was composed of 10.0±1.4% at. Fe, 58.8±1.7% at. O and 279 

31.2±0.3% at. C (graphitic C). Conversion of the atomic % of Fe to wt% gives the value 280 

of 30.0±1.4 wt%. Given the weight of the residue for treated SWCNTs samples 281 

(determined via TGA characterization, 1.64±0.03 mg), we can therefore calculate that 282 

the PICVD process was responsible for the addition of 0.49±0.03 mg of Fe. In other 283 

words, PICVD leads to a total deposition of 0.78±0.07 mg of C and Fe over 60 min, or 284 

a total deposition rate of 0.013±0.001 mg/min. Considering 10.0±1.4% at. deposited Fe 285 

(30.0±1.4 wt%. Fe) in the case of TACVD, 0.43±0.03 mg of Fe is deposited on the 286 

samples after 60 min treatment. Therefore, by taking the deposited mass of Fe 287 

(0.49±0.03 and 0.43±0.03 mg for PICVD and TACVD, repectively) and the related 288 

initial mass of analyzed samples (4.27 mg and and 3.09 mg of SWCNTs treated by 289 

PICVD and TACVD, respectively), 11.5% w/w of treated PICVD samples and 14% 290 

w/w of treated TACVD ones are consisted of Fe. This shows that TACVD leads to 291 
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with different concentrations since the UVC lamp was on. To quantify the consumption 334 

of gas species during PICVD treatment, the GC-MS was calibrated for CO, CO2  and 335 

Fe(CO)5  with two different columns (HayeSep N and Molsieve 5A columns). The 336 

calibration for Fe(CO)5  was performed at concentrations of 0.1, 0.5 and 100 ppm in 337 

toluene. For CO and CO2  quantification, calibration was performed using calibrating 338 

gas cylinders at purities of 1, 10 and 99.99%. Each concentration was analyzed at least 339 

three times by GC-MS to generate the calibration curves (see Fig. S1, S6A and S6B in 340 

supplementary results). Based on this calibration, the initial concentration of Fe(CO)5  341 

and CO at the reactor inlet were 6.7±0.2 ppm and 75±2%, respectively (Fig. 7A and 342 

7B), when co-injecting CO, H2  and H2O2. After a 20 min exposure to UVC light (with 343 

SWCNTs in the system), the concentrations of Fe(CO)5  drops to 0.4±0.1 ppm, while 344 

CO remained relatively constant (any difference was below the detection limit of the 345 

instrument). In other words, 94±1% of the Fe(CO)5  was consumed (which is reasonable 346 

given its strong absorption cross-section at the UVC lamps’ peak emission (Liao and 347 

Gurol 1995)). When heating to 200 °C with UVC irradiation (also for 20 min), Fe(CO)5 348 

consumption did not change significantly (from 94±1% to 96±1%), in agreement with 349 

XPS results; CO also remains constant. If heating is applied independently (i.e. UVC 350 

lights remain off), the consumption of Fe(CO)5 drops to 90±3% (i.e. final concentration 351 

of 0.7±0.2 ppm), with CO remaining unchanged (1h treatment time and total flow rate 352 

of 400 mL/min). Because GC-MS is unable to detect hydrogen, off-line micro GC was 353 

used. This analysis further serves to confirm the CO trends in GC-MS. At the inlet, CO 354 

and H2  concentrations were 75±2% and 25±2%, respectively, while they were 75±2% 355 

and 25±2% at the outlet (Fig. 7C). In other words, gas-phase analysis showed no 356 

measurable consumption of CO and H2  during the PICVD process (Berard et al. 2016; 357 

Dorval Dion et al. 2014; Hosseininasab et al. 2017; Labonté et al. 2016). Comparing 358 

the gas-phase characterizations with the previously described TGA results helps to 359 

clarify the roles of CO and H2  and complete the mass balance. TGA analyses combined 360 

with XPS results showed that 0.49±0.20 mg of Fe and 0.29±0.04 mg of C were 361 

deposited onto the surface over the course of a 60 min PICVD treatment. Considering 362 

an inlet concentration of Fe(CO)5  (6.7±0.2 ppm) in the CO stream (fed at 300 mL/min, 363 

the total number of moles over 60 min treatment: 850 µmol, 18.5 kPa, 25 ºC), the iron 364 

pentacarbonyl alone can account for a maximum of 47.3±1.4 mg of Fe, 50.9±1.5 mg of 365 

C, and 67.8±2.0 mg of O deposited within the entire reactor over the course of a 60 min 366 



treatment (for every Fe atom present in the coating, 5 atoms of C and 5 atoms of O are 367 

deposited). Knowing that Fe(CO)5 represents the sole source of Fe, and that 0.49±0.20 368 

mg of Fe were deposited onto the SWCNT sample, this implies that approximately 1% 369 

of the inbound Fe is part of the coating. If we assume the same ratio applies to the C 370 

from Fe(CO)5, then up to 0.53 mg of C could be traced back to that compound – this is 371 

greater than the amount of C actually deposited (0.29 mg), thus implying that Fe(CO)5  372 

is likely the sole source of C and Fe for deposition reaction and the CO fed to the reactor 373 

does not participate in the reactions. Even with the margin for error on the Fe estimate 374 

(±0.23 mg), this remains true for the lowest value of Fe.  375 

Based on these findings and previously discussed FTIR results, we can infer that 376 

Fe(CO)5  and H2O2 are the sole active contributors to the reaction. Further, measuring 377 

the weight of SWCNT buckypapers with a microbalance before and after treatment by 378 

PICVD revealed that 1.21 mg of coating was added to the surface over the 60 min 379 

reaction. Since 0.49 and 0.29 mg are already assigned to Fe and C, respectively, this 380 

leaves 0.43 mg for the O and H present on the surface. We can assume that O deposits 381 

in the same ratio as C sourced from Fe(CO)5  (0.57%) onto the SWCNT sample, we can 382 

account for 0.39 mg. The remainder (0.04 mg) is sourced from H2O2  – assuming a 1:1 383 

atomic ratio, 0.003 mg are H and 0.04 mg is O. In other words, the final surface 384 

composition is 0.29 mg of C (24 wt%, 24 µmol), 0.43 mg of O (35 wt%, 27 µmol), 0.49 385 

mg of Fe (40 wt%, 9 µmol), and 2.35 µg of H (0.2 wt%, 3 µmol). This corresponds to 386 

an approximate atomic percentage composition of C38H5O43Fe14. This bulk chemical 387 

formula is different from the one obtained through near-surface analysis using XPS 388 

(C21O60Fe19). The difference can be justified by a different structure of the bulk from 389 

the surface coating. It can be also assigned to the presence of unreacted radicals on the 390 

treated surfaces that can be oxidized upon the exposure to the air (Andrzejewska 391 

2001a).  392 

 393 
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According to the GC analysis, 94±1% of Fe(CO)5  is consumed during PICVD 425 

processing (20 min treatment), in agreement with this compound’s high absorption 426 

cross-section in the 200 to 350 nm range (overlapping with the UVC lamps’ major 427 

emission peak at 253.7 nm) (Kotzian et al. 1989). As Seder et al. (1986) reported, the 428 

photo-dissociation pathway of this compound is sequential, from Fe(CO)4  to Fe(CO)3  429 

and Fe(CO)2  at 248 nm (very close to the present work, reactions G1-G3, Table 1) with 430 

corresponding reaction rate constants of (3.5 ±0.9)×1010, (1.3 ±0.2)×1013 and (1.8 431 

±0.3)×1013 Cm/mol.s (Seder et al. 1986a). The dissociation energies for Fe(CO)5, 432 

Fe(CO)4, Fe(CO)3, Fe(CO)2 Fe(CO), and Fe  are reported to be around 56, 60, 91.5, 433 

114.5 and 140 kcal/mol, respectively. A UVC light at 253.7 nm can provide energy 434 

equal to 112.5 kcal/mol (Poliakoff and Weitz 2002; Seder et al. 1986b). Therefore, 435 

except Fe(CO) and Fe, all other intermediates (Fe(CO)5, Fe(CO)4, Fe(CO)3, Fe(CO)2) 436 

can be formed in the reactor (reactions G1-G3, Table 1) (Poliakoff and Weitz 2002; 437 

Seder et al. 1986b). However, the UVC lamp also emits a secondary peak at 185 nm, 438 

which carries a photon energy of 155 kcal/mol. Therefore, it is possible to produce both 439 

Fe(CO) and Fe (Reactions G4 and G5, Table 1). Given H2O2’s wide absorption range 440 

(180-340 nm), it can dissociate into two hydroxyl radicals (OH•) under UVC light 441 

(reaction G6, Table 1). According to the FTIR analysis, H2O2  injection increased 442 

Fe(CO)5  consumption. This is evidence of the Fenton reaction, in which OH• radicals 443 

(formed from dissociation of H2O2) and Fe(CO)5  react to form Fe• (CO)2OH  and 3CO 444 

(reaction G7, Table 1) . Formed OH• can then react with H2O2  to form HO2
•  radical and 445 

H2O (reaction G8, Table 1). Further, Fe(CO)2  can also react with the OH•  radical to 446 

form FeOH and 2CO (reaction G9, Table 1) (Castro et al. 1994). CO•  and H2  can 447 

participate in chain reactions (reaction G10, Table 1) to produce HCO•  and H•  radicals. 448 

Carboxylic acid groups can be created by reacting CO and H2O2 (reaction G11, Table 449 

1). Fe-containing intermediates can collide with each other to produce various iron 450 

oxide components in the gas phase, which subsequently deposit on the surfaces inside 451 

the reactor (reaction G12, Table 1).  452 

 453 

Table 1. Proposed gas phase reaction mechanism for PICVD (FeCO5+H2O2).  454 



 455 

 456 

3.3.2. Surface Reactions  457 

 458 

The surface reactions can be approximated as chemisorption and adsorption of the main 459 

gaseous species (H2O2, CO, Fe(CO)5  and H2) to the surface by passing through the 460 

boundary layer above the SWCNT substrate (reactions S1-S6, Table 2). Reaction S6 461 

describes chemisorption of OH•  radicals which forms from the photo-dissociation of 462 

H2O2 in the gas phase participate in the radical chain reactions to form COOH and 463 

hydroxyl iron (Fe(OH)n) derivatives through attachment to the free C/Fe sites on the 464 

surface (S20 and S29, Table 2). They also generate available free sites for the deposition 465 

of other reactive species via subsequent desorption of produced gases. After adsorption 466 

of reactive species and precursors, the mechanism continues by dissociation and 467 

excitation of adsorbed components (reactions S7 to S14, Table 2). We assume the same 468 

Samples Reactions  Ref.  

Decomposition of iron pentacarbonyl  

G1  Fe(CO)5  + ℎ𝑣  ↔ Fe(CO)4  + C•O (Seder et al. 1986a)  

G2  Fe(CO)4  + ℎ𝑣  ↔ Fe(CO)3  + C•O (Seder et al. 1986a)  

G3  Fe(CO)3 + ℎ𝑣 ↔ Fe(CO)2  + C•O (Seder et al. 1986a)  

G4  Fe(CO)2  + ℎ𝑣  → Fe (CO) + C•O (Nasri H. 2016)  

G5  Fe(CO) + ℎ𝑣 → Fe* + C•O  (Nasri H. 2016)  

G6  H2O2  + ℎ𝑣  → 2OH•  (Chen et al. 2012)  

Free radical reactions 

G7  Fe(CO)5  + OH•  → Fe•(CO)2OH + 3CO   (Liao and Gurol 1995)  

G8  HO•  + H2O2  → HO2
•  + H2O  (Pignatello et al. 2006)  

G9  Fe(CO)2+ OH•  → FeOH + 2CO* (Chen et al. 2012)  

G10 C•O + H2  → HC•O + H•  (Farhanian et al. 2017)  

G11 C•O + H2O2  → COOH* + OH•  (Glarborg and Marshall 

2009)  

G12 Fe(CO)2+ Fe(CO)2 → Fe2(CO)3+C•O  (Wen et al. 2007)  



photo-dissociation of Fe(CO)5  to Fe(CO)4, Fe(CO)3, Fe(CO)2, Fe(CO)  and Fe, 469 

sequentially, occur on the surface as in the gas phase (reactions S7-S11, Table 2). The 470 

reaction of Fe(CO)5  and OH•  radicals (Fenton reaction) leads to Fe•  (CO)2OHs and 3CO 471 

(reaction S12, Table 2). CO•  radicals detached from Fe(CO)5  can deposit on available 472 

Fe, oxygen and carbon sites (Bradshaw and Hoffmann 1978; Brodén et al. 1979; 473 

Linsebigler et al. 1995). CO•  radicals can react with H2  to produce CH2
•/CO2  and 474 

HCO•/H•  radicals (reaction S13 and S14, Table 2). Fe(CO)2  colliding with reactive 475 

species under UVC light leads to excited Fe (Fe*, reaction S15). The recombination 476 

reactions (or propagation steps) occur on the surface and various Fe components, such 477 

as FeII, FeIII, FeCO, Fe(OH)3, and Fe2O3, can be formed according to reactions S15-S21 478 

(Table 2). In the propagation reactions, various hydrocarbon and H•  radicals can be 479 

formed through reactions S22 to S24 (Table 2). Reactive hydrocarbon species are 480 

assumed to adsorb onto both free sites on the SWCNT surface, and onto already 481 

adsorbed C species (Pan and Xing 2008). CO2  and H radical can be obtained through 482 

reaction 25 (Table 2) in which termination happens by reacting CO•  and OH•  radicals. 483 

The collision of reactive species with each other terminates chain reactions, leading to 484 

various products such as FeOH, H2O, COOH, CO, H2, etc. on or near the SWCNT 485 

surfaces (reactions S26 to S29, Table 2). Film growth can continue through reaction 486 

S30 to present olefins and by the overall reactions (S1-S30) leading to metal-organic 487 

compounds with an overall chemical formula of C24H3O27Fe9  (Table 2).  488 

 489 

 490 

Conclusions 491 

 492 

In this study, we presented a kinetic model and reaction pathway for syngas PICVD 493 

based on both gas phase- and surface phase- characterizations. We also investigated the 494 

effect of temperature on PICVD as the main kinetic parameter for the first time and 495 

compared it with the results obtained from TACVD. The results showed that heat leads 496 

to a greater fraction of deposited Fe. While XPS results revealed the surface 497 

compositional structure of coating approximated as C21O60Fe19  based on the atomic 498 

percentage (with mainly carboxylic, hydroxyl, Fe(CO)n, and Fe(OH)n  chemical 499 

moieties), TGA and gas-phase characterizations revealed a bulk coating structure of 500 

C24H3O27Fe9. A reaction scheme based on surface and gas phase reactions helps explain 501 

the appearance of the surface functional groups. GC-MS characterizations revealed the 502 



significant effect of Fe(CO)5  in the photochemical reaction: 94% is consumed and it is 503 

a major contributor to the oligomeric coating, though H2O2  also contribute, but to a 504 

lesser extent (only 0.016% of the H2O2  feed is deposited on ther surface). This points 505 

to a processing opportunity: if iron pentacarbonyl concentration can be controlled, it 506 

will be possible to do polymerization and significantly reduce CO and H2  consumption 507 

compared to what was previously thought. 508 

Table 2. Proposed surface reaction mechanism for PICVD (FeCO5+H2O2) (s refers to 509 

oxygen, iron, and carbon free sites). 510 

 

Samples 

 

Reactions  

 

 

Ref. 

Adsorption and Desorption 

S1 Fe(CO)5  +s ↔ Fe(CO)5s  n/a 

S2 C•O + s ↔ C•Os  n/a 

S3 Fe•(CO)2  +s ↔ Fe•(CO)2s  n/a 

S4 (CO)2FeOH+s ↔ (CO)2FeOHs  n/a 

S5 Fe2(CO)3  + s ↔ Fe2(CO)3s  n/a 

S6 OH•+ s ↔ OHs  n/a 

Initiation  

S7 Fe(CO)5s  + ℎ𝑣  → Fe (CO)4s  + C•O  (Seder et al. 1986a)  

S8 Fe(CO)4s  + ℎ𝑣  → Fe (CO)3s  + C•O  (Seder et al. 1986a)  

S9 Fe(CO)3s  + ℎ𝑣  → Fe (CO)2s  + C•O  (Seder et al. 1986a)  

S10 Fe(CO)2s  + ℎ𝑣  → Fe (CO) s  + C•O  (Nasri H. 2016)  

S11 Fe(CO) s  + ℎ𝑣  → Fe*s  + C•O  (Nasri H. 2016)  

S12 Fe(CO)5s  + OH → Fe• (CO)2OHs  + 3C•O  (Chen et al. 2012)  

S13 2C•O + H2  → C•H2s  + CO2  (Farhanian et al. 2017)  

S14 𝐶•𝑂s  + 𝐻2s  → 𝐻𝐶•𝑂s  + 𝐻•   (Farhanian et al. 2017)  

Propagation 

S15 Fe•(CO)2s  → Fes  + 2C•O  (Wen et al. 2007)  

S16 Fes•  + Fe•(CO) → FeIIs*  + C•O  (Wen et al. 2007)  
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  524 

S17 FeIIs+ Fe(CO) → FeIIIs*  + C•O  (Wen et al. 2007)  

S18 FeII  + H2O2  → FeIII  + OH-  + OH•  (González-Davila et al. 

2005)  

S19 FeIII  + H2O2  → FeII + H+  + HO2
•  (González-Davila et al. 

2005)  

S20 FeIII  + 3OH•  ↔ Fe(OH)3s*  (Majzlan et al. 2004)  

S21 2Fe(OH)3s → Fe2O3s  + 3H2O  (Moreno C. et al. 2007)  

S22 HC•Os  + H2  → H2C•Os  + H•  (Farhanian et al. 2017)  

S23 C•H2s  + H2  → C•H3s  + H•  (Farhanian et al. 2017)  

S24 C•H3  + 2C•O → CH3CO + C•O  (Farhanian et al. 2017)  

S25 C•O  s  + OH•  → CO2  + H•  (Farhanian et al. 2017)  

Termination 

S26 Fe•  (CO)2  + OH•  → FeOH + 2CO (Farhanian et al. 2017)  

S27 2 Hs
*  → H2  + 2s (Ingle et al. 1996)  

S28 2 OH•
s  → H2O + s (Ingle et al. 1996)  

S29 C•Os + OH•  → COOHs  (Kisacik et al. 2013)  

S30 n(C•O) + 2n (H2) → CnH2n+1  + nH2O  (Farhanian et al. 

2017)  
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