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Abstract

Uniform material distribution by atomic layer deposition (ALD) inside porous materials is
needed in multiple applications, including batteries and catalysis. Attaining this uniformity is not
trivial, diffusion within the porous network being one of the main limiting factors. This work used
a fluidized bed atmospheric ALD reactor to coat millimeter-size mesoporous alumina spheres with
platinum, using the process based on (methylcyclopentadienyl)trimethylplatinum [MeCpPtMes]
and oxygen. Using different exposure times and five reaction cycles, materials with platinum load-
ing up to ~ 4 wt% were prepared. The growth per cycle, expressed as average areal number density,
was approximately 0.1 Pt atoms/nm?. Cross-sectional analysis done using low-energy ion scatter-
ing indicated that with increasing exposure time, platinum distribution evolved from egg-shell to
macroscopic uniform distribution through the particles. Diffusion-reaction modeling was done to
support the experiments and showed a saturation of the Pt weight loading after uniform distribution.
This work shows that it is possible to get a uniform distribution of platinum through mesoporous
particles with an aspect ratio on the order of 100,000:1, when the ALD process is properly opti-

mized.

1 Introduction

Atomic layer deposition (ALD) is a technique that is based on sequential and self-limiting gas-solid
surface reactions'?, widely used for fabricating uniform thin films on flat substrates and confor-
mal coatings in complex, high-aspect-ratio structures’™. In principle, ALD can enable conformal
growth on any surface, regardless of geometry, since the reactions occur by chemisorption. Over
a thousand ALD chemistries have been developed, reflecting its broad application potential*~.
ALD is attractive for coating particles,>* with growing applications in heterogeneous thermo-
catalysis?1?, battery electrodes, fuel cells', LED phosphors!#1# and drug delivery systems>.
Recently, a review article overviewed ~800 scientific articles reporting ALD on particulate mate-
rials'1o,

ALD is attractive for coating porous materials with expensive noble metals such as platinum,

as it potentially provides precise particle size control and efficient use of precursors’Z. Platinum is
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12018l19

37 acritical catalyst in applications such as fuel cells , where it facilitates the oxygen reduction

21122

38 and hydrogen oxidation reactions?’, and in hydrogenation processes , where it activates molec-

39 ular hydrogen. Deposition of platinum by ALD has been demonstrated on a variety of substrates,

23H27 28430

40 including nonporous anodic alumina membranes and porous nanotubes , and trench-type
41 high-aspect-ratio geometries>"*%, Platinum ALD has been reported to date*>1% using a handful of
42 precursors: platinum(Il) acetylacetonate [Pt(acac),]*>, dimethyl(n*-cyclohexa-1,5-diene)platinum
43 [PtMez(n4—cyclohexa— 1,5-diene)]>?, dimethyl(N,N-dimethyl-3-butene- 1-amine-N)platinum (DDAP,
44 [CgH[gNPt])*238] and (methylcyclopentadienyl)trimethylplatinum [MeCpPtMe3 |23, Out of these,
45 MeCpPtMe; is the most commonly used Pt precursor due to its stability and high volatility932,
46 and has been used in this work.

a7 Several experimental studies have investigated the macroscopic distribution of various ALD-
48 deposited materials on porous substrates. Table [I] summarizes earlier work on porous spheres.
49  While most studies***% report only an eggshell-type coating, there are also reports where uniform
50 coating (i.e., through particle coating) is seen*” >, Elam et al.*” showed that progressively increas-

51 1ing the exposure (partial pressure x time) led to increasing penetration upto uniform coating for a

52  Al(CHj3)3/H,0 ALD process with a 90 s precursor exposure time in porous silica particles (aspect

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

53 ratio 1667:1, calculated as the ratio of particle radius to average pore diameter). To date, the highest

54 aspect ratio for which uniform coating on a porous sphere has been reported is 43103:1, done using
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55 a Ru(EtCp,)/O, ALD process on alumina spheres with a 180 s precursor exposure time“.

(cc)

56 To better understand and predict film conformality in challenging geometries, various models

150

57 including analytical>", diffusion—reaction>1=% ballistic transport—reaction53f55, and Monte-Carlo”

58 models have been developed to describe ALD growth in trenches, holes, and porous materials. For

59 example, the analytical Gordon et al. model~!

showed that the penetration depth within a hole
60 for Knudsen diffusion conditions (i.e. Knudsen number > 1, where Knudsen number is the ratio
61 of the gas mean free path to a characteristic length scale) is proportional to the square root of the
62 precursor exposure time°Y. Recently, a diffusion—reaction model>® was adapted for porous particles
63 1in the shape of slabs, cylinders and spheres, where reactant transport initiates at the particle’s outer

64 surface and proceeds through a tortuous pathway toward the center, with the effective diffusion

65 coefficient governing diffusion throughout the particle®®. This model shows that spherical particles
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require less reactant exposure for full surface saturation than slabs or cylinders of the same size due
to multidimensional reactant diffusion propagation along three radial directions (spheres require
about one-third of the exposure required to saturate slabs)=>Z,

The goal of this work is to characterize ALD growth of platinum on mesoporous alumina
spheres in a fluidized bed reactor at atmospheric pressure using the commonly used
(trimethyl)methylcyclopentadienylplatinum(IV) reactant. We show that systematically increasing
precursor exposure leads to increasing Pt penetration depth, from egg-shell to uniform distribu-
tion; on porous spheres up to 2.5 mm diameter with an aspect ratio on the order of 100,000 : 1.
These experimental results are then compared with predictions from a diffusion—reaction model
for spheres®. The model predictions align with the experiments, assuming a low precursor sticking

coefficient.
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2 Methods

2.1 Materials

Porous alumina spheres from SASOL Limited were used as the ALD support. The diameters
were 1.0 mm (Alumina Spheres 1.0/160 prod. 610110), 1.8 mm (Alumina Spheres 1.8/210, prod.
604130) and 2.5 mm (Alumina Spheres 2.5/210 prod. 608114). The reactants used were:

(Trimethyl)methylcyclopentadienylplatinum(IV), MeCpPtMes (99%) from Strem Chemicals Inc.,

and synthetic air (Linde) Nitrogen (N2, 99.999%, Linde) was used as the inert carrier gas.

2.2 Platinum ALD

Platinum ALD was done at atmospheric pressure in a fluidized bed reactor with a process tem-
perature of 110 °C. The fluidized-bed ALD reactor used in this study has been described in detail
elsewhere®l: a schematic is provided in the supporting information (Figure S2). The process con-
ditions were similar to those reported by Grillo et al.®Y. The Pt precursor was placed in a stainless
steel bubbler and was heated to 70 °C. The process consisted of the steps: MeCpPtMes exposure
(duration from 180 s to 1440 s), purge 1 (600 s), synthetic air exposure (600 s), purge II (600 s).
Parameters varied during the experiments are in Table 2] The alumina spheres were mixed with
glass beads of 120 — 150 um diameter. Each run used 10 grams of glass beads and 0.25 grams of
alumina spheres for each diameter of 1.0 mm, 1.8 mm, and 2.5 mm. Given that the particle mixing
time in the fluidized bed (~1 s) is significantly shorter than the precursor pulse time, each particle is
expected to experience a uniform time-averaged concentration, promoting a homogeneous coating
across the batch. 100263 I the experiments conducted, a flow rate of 1 1min~! (normal liter per sec-
ond at 1 atm and 20 °C) was used, resulting in a fluidization velocity of approximately 3.4cms~!.
Detailed conditions for fluidization are in the supporting information (Section S1.4).

Before ALD, the glass beads for the sample mixture were washed with diluted isopropanol
(~20 %), and after that, with diluted nitric acid (~10 %). Four samples of Pt/Al,O3; were obtained
by varying the MeCpPtMes pulse time (180, 360, 720, and 1440 s) while the oxidizer’s pulse time

was kept constant at 600 s; five cycles of ALD were done for all samples.

Page 6 of 34
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Table 2 Varied flows used in the experimental setup (total flow was constant: 1 1 min~'). One cycle consisted

of the following steps: MeCpPtMes exposure, purge I, synthetic air exposure, purge II.

Step VI\112,purgeI VI\ZIZ,bubbler Vl%Z,purgeH Vﬁlmakeup VdSlr
L/min L/min L/min L/min  L/min
MeCpPtMes exposure 0 0.4 0 0.6 0
Purge 1 0.8 0 0 0.2 0
Synthetic air exposure 0 0 0 0 1
Purge 11 0 0 0.8 0.2 0

1 VNz,purgeI is the nitrogen volume flow bypassing the MeCpPtMe3 bubbler
2 VN, bubbleris the nitrogen volume flow through the MeCpPtMe3 bubbler

3 WN, purgell is the nitrogen volume flow through the air line

4 VN, makeupi$ the nitrogen makeup volume flow

5 Vair is the air volume flow

2.3 Nitrogen physisorption

The surface area, total pore volume, and pore size of the spheres was determined by nitrogen
physisorption. The measurements were made with a Micromeritics Tristar II 3020 instrument.
The specific surface area was determined using the Brunauer—-Emmett—Teller (BET)** method.
Total pore volume and the pore size distribution were determined by the Barrett—Joyner—Halenda

(BJH)® method.

2.4 Inductively Coupled Plasma-optical emission spectrometry

The average metal weight loading of platinum on the porous alumina spheres was determined using
a PerkinElmer Optima 8000 inductively coupled plasma-optical emission spectrometer. In the
inductively coupled plasma-optical emission spectrometry (ICP-OES) analysis, each particle size
fraction was analyzed separately. Approximately 30 mg of the sample was digested in a microwave
for 60 minutes in a mixture of 4.5 ml of 30% hydrochloric acid and 1.5 ml of 65% nitric acid. The

samples were then diluted to 50 ml with purified water before the analysis with ICP-OES 8000.

2.5 Average areal number density calculation

From experimental values of average metal weight loadings (in this work determined from ICP-

OES), the average number of metal atoms per surface area of the support, referred to as areal
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number density cy(nm~2) is calculated as*®

. WMN() Ny
- MMS ms.

(1

™

Here, wy is the weight fraction of the metal, Ny (mol™ 1) is Avogadro’s constant, My (Zmetas MOl ™~ D)
is the molar mass of the metal, S (m? gs_ui)port) is the specific surface area of the support, 7 (gsample)
is the total mass of the sample including the amount of the deposited material, and ms (Zsupport) is
the mass of the original support. An example of the average areal number density calculation is in
Section S2.2 of the supporting information. Additionally, for the largest sphere size (2.5 mm), we
calculated the areal number density on the coated area, based on the coated volume fraction @.qqs

(Table S2 in the supporting information).

2.6 CO pulsed chemisorption

CO pulsed chemisorption was used to analyse platinum crystallite size and dispersion of ALD
coated Pt/Al,O3 spheres of diameter 2.5 mm. An AutoChem-III 2930 tool (Micromeritics Instru-
ment Corporation) with an external Cirrus™ 3 mass spectrometer (MS; MKS Instruments) was
used.

In a U-shaped reactor tube, approximately 60 mg of sample was placed and diluted with 300
mg of silicon carbide, SiC (Thermo Scientific, 46 grit). The sample was then dried by heating to
200°C (ramp rate: 10 °C/min ) for 1 hour in a helium (He, Woikoski, 99.9995%) flow of 50 ml/min
and then cooled to 35 °C after drying. Flow was then changed from He to a gas mixture of Hy/Ar
(10% Hj in Ar, Air products, 9.99%) with a flow rate of 50 ml/min. The sample was then reduced
in a gas mixture of Hy/Ar while heating to 400 °C (ramp rate: 10 °C/min). The hold time at 400
°C was 0.5 hour. After reduction, flow was changed to He to remove chemisorbed hydrogen (flow
rate 50 ml/min), and after 0.5 hour, the sample was cooled to 35 °C.

Then, pulse chemisorption of CO was carried out. In total, 25 pulses of CO/He (10% CO in
He, Air products, 9.998%) were dosed to the sample using a loop. The physically calibrated loop
volume was 0.5185 cm?>. The temperature of the loop and the equipment’s lines was 110 °C. The
thermal conductivity detector (TCD) and mass spectrometer, m/z = 28 (CO) signals were used

to estimate the amount of CO adsorbed. Pt dispersion and platinum crystallite particle size were

Page 8 of 34


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lf00395d

Page 9 of 34

Open Access Article. Published on 02 April 2026. Downloaded on 4/3/2026 1:36:49 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

145

146

147

148

149

150

151

152

1563

154

1565

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

RSC Applied Interfaces

View Article Online
DOI: 10.1039/D5LF00395D

calculated based on the CO consumption, assuming hemispherical Pt particles and an adsorption
stoichiometry of 1. The equations used to calculate metal dispersion and hemispherical crystallite

size are provided in the supporting information (Section S1.3).

2.7 Low-energy ion scattering

Low-energy ion scattering (LEIS) surface spectroscopy was performed on the inner surfaces of the
samples using an IONTOF Qtac 100 low-energy ion scattering spectrometer. The purpose was to
study the propagation of the ALD Pt coating from the outer surface towards the center of the porous
alumina spheres. Before analysis, the spheres were mechanically cut approximately in half with
scissors to obtain cross-sections, and the samples were cleaned in the ultra-high vacuum of the
instrument by exposure to atomic oxygen extracted from a remote plasma source. *Het was used
as the analysis ion (3 keV, 5.2 nA) with an acquisition time of 1200 s, scanning over an analysis

2 using a 256 x 256 pixel raster. The resulting ion dose density was 4.8 x 10'%

area of 2.8 x 2.8 mm
ions/cm?. The PtO, surface coverage was quantified via a PtO, powder reference sample (Sigma
Aldrich, CAS: 1314-15-4). The horizontal line scans through the center of the alumina spheres
are averaged over 16 pixels in the vertical direction. Line scans are plotted with 11 pt adjacent

averaging.

2.8 Diffusion-reaction Model

A diffusion—reaction model was used to compare the saturation profiles obtained experimentally

with those predicted by simulations. The model equations are based on the diffusion-reaction

1 56 1 51152

model for porous spheres by Heikkinen et al.®* and the model by Ylilammi et a The main
equations are described in this section, and some additional equations are shown in the supporting
information (Section S1.1). The set of equations was solved using a Python-based script.%® This
model assumes uniform porosity, tortuosity, and pore size across the entire particle. It takes the
precursor partial pressure at the entrance p4q (related to the reactant number density nag through
the ideal gas equation) as a constant value, and describes reactant transport through diffusion from

the outer surface towards the core of a sphere of radius R:
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ona(rt %na(rt 20na(rt)  _ [1_
%: eff$+Deff;%—s- ZVA-C'HA(I’,I)‘[1—9(I’,I)]—Pd'q'9(r,t)
(2)
and rate of change of surface coverage:
00(rt 1 _
8<t ): EVA-c-nA(r,t)-[l—G(r,t)]—Pd-O(r,t) : 3)

Here, nn (m—3) is volumetric reactant A number density (related to the partial pressure of the
reactant pa through the ideal gas equation), Degs (m? s~1) is the effective diffusion coefficient, 6 (-)
is surface coverage, § (-) is the ratio of specific surface area (S) (m? g_l), and pore volume (Vjore)
(m? g_l), v (ms—1) is the mean thermal velocity, ¢ (m~—2) is the adsorption capacity, ¢ (-) is the
sticking coefficient, and Py (s~!) is the desorption probability.

The effective diffusion coefficient Dq¢ in Equation [2|is calculated as 26:67

€ 1
Detr =~ - <ﬁ) )
Y \p:toa

Here, Do (m?s~!) is the molecular diffusion coefficient, which describes gas phase collisions
(molecule-molecule interactions), and the Dk, (m%s~1) is the Knudsen diffusion coefficient which
dominates at low pressures and describes molecule-wall interactions. Porosity, € (unitless) of the

spheres is calculated using the relation®:

V ore
__pore (5)

€= T
Vpore‘f"Ts

In Equation |5 Vpore (cm? g_l) is the pore volume, and ps (g cm ) is the skeletal density of the

support material y-alumina, 3.6 gcm 3%, Tortuosity 7 (unitless) is calculated from the Beekman

relationship for heterogeneous catalysts as follows”Z%ZL:

| . S — (6)
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185 The weight percentage of the metal for a partly coated particle can be calculated by

_ gX My XS X mg
N No X my

wM Pcoat; (7

186  where My (g mol ') is the molar mass of the metal, S (m? g_]) is the specific surface area of the
187 support, mg (g) is the mass of the support, Ny is Avogadro’s constant, m; (g) is the total particle
188 mass, and ¢coat (—) is the coated volume fraction of the porous sphere. The ¢co¢ is obtained from
189 integration of the simulated saturation profile 6 (g1, 7) as a function of 1 — (r/R)3. For a fully
190 coated porous sphere, ¢coqa 1S One. In the case of a step-like saturation profile with a penetration

191 depth d, the coated volume fraction is equivalent to©

Vi (RP—(R—4a)%)

¢coat - V_R - R3 5 (8)

192  where Vj is the coated volume, and VR is the total internal volume of the sphere. A simplified figure

193 showing the coated volume fraction is in the supporting information (Figure S1).

192 3  Results

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

195 3.1 Support characterization
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196 Support surface characteristics were studied by nitrogen physisorption. The average specific sur-

(cc)

197 face area, pore volume, and pore diameter values for the spheres of different diameters and the
198 resulting aspect ratios are in Table [3] All alumina supports were mesoporous with an average
199 pore diameter from 9.9 to 11.7 nm and a narrow pore size distribution (Figures S3 and S4 in the

200 supporting information).

201 3.2 Quantification of Metal Weight Loading: ICP-OES

202  After Pt ALD using reactants MeCpPtMes3; and synthetic air, the average metal weight loading on
203 spherical alumina was determined by ICP-OES. Results for weight loadings on spheres of different
204 diameters are presented in Figure [Ip and platinum loading in terms of the average areal number

205 density, i.e, metal atoms per support surface area, is in Figure [Ib. For spheres of all sizes, the

11
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Table 3 Nitrogen physisorption results: BET surface area, total pore volume, median pore radius. Calculated

aspect ratio?, porosity”, and tortuosity¢ values are also included.

Sphere diameter | BET surface area, | Pore volume, Average pore Aspect ratio? | Porosity? | Tortuosity®
(mm) S (m?2g™1) Voore (cm®g™1) | diameter, dyore (nm) -) £(-) 7 ()
1.0 158 0.49 11.7 42700: 1 0.64 1.49
1.8 202 0.55 10.3 87300: 1 0.67 1.47
25 206 0.54 9.9 126000: 1 0.66 1.48

“ Aspect ratio is calculated as the ratio of particle radius R to average pore diameter dpore-

’ Porosity € (-) is calculated using pore volume Vpore (cm3g~!) and the skeletal density of y-alumina, ps (3.6 gcm ™

described in Equation 5
“2 Tortuosity 7 is calculated from the porosity using Equation @
average platinum weight loading increased with exposure time, though a slower increase was seen
for the longest exposure time (1440 s). Up to 4.05 Pt wt% metal loading was observed, for sphere
with a diameter of 1.8 mm (surface area = 202 m? /g) at the longest exposure time (1440 s). As
seen in Figure [Ip, the maximum average areal number density after five cycles of about 0.71 Pt
atoms/nm? was observed for the sphere size 1.0 mm with the highest exposure time (1440 s), with

all sphere sizes showing a close value.

3.3 CO pulse chemisorption

Results from CO pulse chemisorption are presented in Table ] As the ALD exposure time of the
MeCpPtMes reactant increased from 180 s to 1440 s, the cumulative quantity of CO chemisorbed
on the surface initially increased and then settled. The CO adsorption capacity of the samples varied
from 65 umol/g for the shortest exposure to 118 pmol/g for the longest exposure. For the shortest
exposure time, the number of CO molecules chemisorbed exceeds the number of platinum atoms
on the surface (by ICP-OES), likely indicating an adsorption mode where one platinum atom can
bind to more than one CO molecule. The dispersion calculation assumes the bonding of one CO per
platinum atom (Supporting information, Section S1.3). While for the shortest exposure time, the
dispersion cannot be calculated with this assumption (it is very high, presumably ~ 100%), for the
other exposure times, the calculated dispersion varies from 84% to 41%, and dispersion decreases
with exposure time. The particle size calculated assuming hemispherical particles at the same time

increases from 1.3 to 2.8 nm.

12
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Figure 1 (a) Platinum loading (wt%) and (b) average platinum areal number density (atoms/nm?) as a

function of the MeCpPtMes exposure time (exposure time per cycle), based on ICP-OES and surface area

of the support as in Table [3] Five ALD cycles were done at a reaction temperature of 110 °C, in a fluidized

bed at atmospheric pressure. Numerical values corresponding to this figure are in Table S1 of the supporting

information.

Table 4 Characterization results from CO pulse chemisorption (TCD measurements) done on Pt-coated alumina

spheres of diameter 2.5 mm®“.

Cumulative . Cumulative ICI.)_OES Average .

co Cumulative quantity weight areal Crystallite
MeCpPtMes Jantit Cco (CO loading number Metal size
exposure ?Cm3) y quantity molecules (%) density dispersion | (hemisphere)
time (s) (STP) (u mol/g) /am?) for 2.5 mm | (Pt (nm)

sphere atoms/nm?)

180 1.46 65.2 0.19 0.94 0.14 b -5
360 1.59 70.7 0.21 1.64 0.25 84.1% 1.3
720 2.67 119.1 0.35 2.85 0.44 81.5% 1.4
1440 2.65 118.4 0.35 4.00 0.62 57.7% 2.0

‘ Mass spectrometer results are in Table S3 of the supporting information.
* The cumulative quantity of CO chemisorbed exceeded the number of Pt atoms, and dispersion can be assumed to
be approximately 100%. The stoichiometry of adsorption may differ from the stoichiometry value of one, assumed
in the dispersion and crystallite size calculations.
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Figure 2 Low-energy ion scattering (LEIS) qualitative maps showing platinum surface across cross-sections
of 2.5 mm (diameter) ALD coated Pt/Al,O3 spheres. Brighter areas indicate higher surface coverage of

platinum. The platinum reactant exposure time per cycle was (a) 180 s, (b) 360 s, (c) 720 s, and (d) 1440 s.

3.4 Surface chemical composition analysis: LEIS

LEIS reveals the presence of Pt, Al and O on the surface (example spectra in the supporting in-
formation, Figure S5). Figure [2| shows distribution maps of PtO, by LEIS and Figure (3| gives the
quantified results for the PtO, signal through the particle. Overall, the Pt penetration increased
with increasing exposure time. An egg-shell coating is seen in samples with lower exposure times
of 180, 360 and 720 s. For the sample with the longest exposure time of 1440 s, the coating ap-
peared to be macroscopically uniform throughout the sample. The corresponding surface fraction
of PtO, was approximately 5%. Considering that an average monolayer of PtO, has about 9.9 Pt
atoms/nm? (calculated from the bulk density p = 11.8 g/cm>, and molar mass = 227.08 g/mol of

PtO,), the LEIS results correspond to a surface areal number density of about 0.5 Pt atoms/nm?.

14
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Figure 3 Quantified line scans of the LEIS images in Figure 2| for ALD coated Pt/Al,O3 spheres (diameter:
2.5 mm). The horizontal line scans through the center of the alumina spheres are averaged over 16 pixels in

the vertical direction and are plotted with 11-point adjacent averaging.

235 3.5 Diffusion-reaction simulations

236 Diffusion—reaction simulations were made to support the experimental study. The modeling was

237 made assuming ideal ALD, i.e., saturating and irreversible adsorption steps, although the model

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

238 would allow reversibility as well. Realistic parameters were chosen that are related to the ALD

Open Access Article. Published on 02 April 2026. Downloaded on 4/3/2026 1:36:49 AM.

239 process conditions; the parameters are listed in the caption of Figure @l To have a resemblance

(cc)

240 between simulations and experiments, the partial pressure of the platinum reactant and the sticking
241 coefficient were varied (the average areal number density of platinum was assumed as 0.12 nm~2).
242 To have results similar to LEIS (and X-ray photoelectron spectroscopy, see supporting information
243 section S2.6) that show through-penetration (uniform macroscopic distribution) for the exposure

244 times of 1440 s, the sticking coefficient had to be made very small, on the order of 107°.

245 4  Discussion

246 4.1 Comparison of Pt loading to literature values

247 The Pt metal loading observed in this study is consistent with values for platinum reported in the

248 literature for ALD on particulate materials. To enable comparison with literature, the average areal

15
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Figure 4 (a) Simulated surface coverage profiles, along the radial direction from the outer surface towards
the center and back, along the radius of a 2.5 mm alumina sphere. (b) Comparison of the average Pt weight
loading from the model to the experiments (ICP-OES results in Figure [T). The sticking coefficient used for
the simulation was 10~°. Corresponding pressure profiles are shown in the supporting information (Figure
S8). Other parameters were: Reactant was MeCpPtMes; particle diameter = 2.5 mm (R = 0.00125 m); € =
0.66; T = 1.5; dpore =9.9 nm; § =206 m* g7'; Viore = 5.4 x 107" m? g71; ps = 3600 kgm™; ¢ = 0.12 nm~2;
P;=0s"!; T =383K; pao = 340 Pa; p; = 99660 Pa; the molar mass of reactant Ma: 0.319 kg mol~!; the
molar mass of inert My: 0.028 kgmol™!; dp =8.13 x 10719 m; dy = 3.74 x 107'° m; My = 0.195 kg mol .
The calculated Kn number was ~ 1.4 (transition region) and the Thiele modulus was ~ 12 (diffusion-limited

process), see supporting information section S1.2.
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249 number density was calculated from the reported values of Pt weight loading. In this work, the
250 weight loading for the longest exposure time (1440 s) ranged from 3.5 wt% for 1.0 mm sphere
251 to 4 wt% for the 2.5 mm sphere (Figure 1). These weight loadings translate to growth per cycle
252 (GPC) in terms of average areal number density of 0.71 and 0.62 atoms/nm? after five cycles, or
253 ~ 0.14 and 0.12 Pt atoms/nm? per cycle for the sphere sizes 1.0 and 2.5 mm, respectively (Table
254 S1). The GPC of 0.14 and 0.12 Pt atoms/nm? corresponds to approximately 1% of an average Pt
255 monolayer, calculated from the bulk density and mass of Pt (see Eq. 16 in ref.”>, p = 21.45 g/cm?,
256 areal number density of an average platinum monolayer cﬁ”j ~16.4 atoms/nm?).

257 The values of average areal number density estimated from the literature data vary over a broad
258 range. For example, with MeCpPtMes on mesoporous silica gel at 325 °C, the Pt loading cor-
259 responds to an average areal number density of 0.03 atoms/nm? per cycle (over three cycles)>.
260 For another study with MeCpPtMes on graphene nanoplatelets at 100°C the average areal num-
261 ber density corresponds to 0.13 atoms/nm? per cycle (over 10 cycles)” and on carbon black at
262 300°corresponds to 0.16 atoms/nm? per cycle (over 15 cycles)’>. On other types of carbon sup-

263 ports, even higher average areal number density values were also observed. For example in the

264 case of MeCpPtMes on multi-walled carbon nanotubes=%7% at 300°C (one cycle), average areal

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

265 number density corresponds to 0.49 atoms/nm? and on carbon (Vulcan XC72R) at 300°C for fuel

266 cells”Z, average areal number density corresponds to 2.2 atoms/nm? per cycle (over five cycles).

Open Access Article. Published on 02 April 2026. Downloaded on 4/3/2026 1:36:49 AM.

267 Overall, the literature range for Pt average areal number density is broad, from 0.03°? up to 2.277

(cc)

268 atoms/nm” per cycle. The average areal number density results of this work, values between 0.14

269 to 0.12 Pt atoms/nm? per cycle fall well within the range observed in previous literature.

270 4.2 Choice of a low sticking coefficient for simulations

271 For simulations, a resemblance with experimental saturation profile data can be achieved only with
272 the selection of a low sticking coefficient. In this case, we used a sticking coefficient of 10~° which
273 is lower than most sticking coefficient values reported previously for metal ALD>2%, With higher
274  sticking coefficients of the order of 107, and 1073, a step-like saturation profile was seen, with an
275 abrupt adsorption front (supporting information Figure S9). The low sticking coefficient may be

276 linked to the nucleation delay reported for MePtCpMes/O» in earlier studies”™ 8L, Also, the ALD
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temperature in our study, 110 °C, which was lower than that reported in most of the literature for Pt

°C) 30U7SHT7I82183

ALD on particulate materials, which typically used ~ 300 and the low temperature

may be linked to the low sticking coefficient. As shown previously, 7484

using a low deposition
temperature is possible because operating at atmospheric pressure allows a higher partial pressure
of Oy, enabling the process to proceed at a lower temperature. This temperature was chosen for

the ALD process because lower process temperatures typically lead to a narrower particle size

distribution and more stable Pt catalysts”*.

4.3 Pt particle size

With increasing ALD exposure time of MeCpMePt3, there was an increase in Pt crystallite size and
a decrease in dispersion seen from the CO chemisorption results (Tabled)). The increase in particle
size may be related to a slow increase of Pt uptake with longer exposure time (Table S2 in the
supporting information)”>. This increasing Pt particle size might also be explained by Ostwald
particle ripening phenomena®® and/or island aggregation®”. Coalescence-driven growth of Pt has
been reported elsewhere, where particle size evolution was largely governed by surface migration

and diffusion-driven coalescence rather than precursor adsorption alone "85

4.4 Comparison to state of the art mesoporous particle coating by ALD

The results of this work seem to indicate that the platinium reactant does not thermally decompose
at the used ALD reaction temperature (110 °C). It was previously shown through Monte Carlo
simulations? that for processes that in addition to ideal ALD include a continuous CVD-type de-
composition component, thermal decomposition would be expected to manifest itself through a
higher platinum content in the outer areas of the particles. The absence of such a concentration
gradient points to the absence of thermal decomposition.

In this work, a uniform Pt distribution was obtained for porous spheres with an AR of 126,000:1
(AR, taken as the ratio of the particle radius to the pore diameter). Previously, to the authors’
knowledge on porous spheres (see Table |1), the highest previously reported AR was 43,103:14%
for which a uniform distribution by noble metal ALD (Ru(EtCp;)/O; process) was seen. For Pt,

uniform coating on mesoporous silica gel particles (size: 30-75 um) was shown up to an AR of

18
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304 6,250:1 using a MeCpPtMes3/O; process in a fluidized bed reactor operated at vacuum conditions>”.

305 In the case of a Pd(Hfac,)/formalin process on porous alumina spheres with extremely high aspect
306 ratios (~125,000 :1), only a thin egg-shell type coating was demonstrated©.

307 Other studies have also demonstrated uniform distribution in porous high aspect ratio materials
308 with different shapes than spheres. On silica aerogel monolith slabs, the penetration depth increased
309 with increasing exposure time and uniform coating was seen for AR 60,000:1%%°Y. On mesoporous
310 alumina (size: 125-300 pm) with AR up to 12,500:1, a TiO, overcoat extending through the alu-
311 mina support was observed (Ti[OCH(CH3),]4/H>O process) with some additional titanium around
312 the edges of the particles®, which may suggest the presence of some CVD type decomposition in
313 addition to ALD",

314 In conclusion, while uniform ALD coatings on mesoporous supports have been previously re-
315 ported before under specific ALD process conditions, the present work extends such uniformity to

316 significantly higher aspect ratios, ca. 125,000:1.

317 5 Conclusion

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

318 In this work, ALD of Pt on mesoporous alumina spheres was shown using (methylcyclopentadi-

319 enyD)trimethyl platinum [MeCpPtMes] and synthetic air at 110 °C in a fluidized bed reactor oper-

Open Access Article. Published on 02 April 2026. Downloaded on 4/3/2026 1:36:49 AM.

320 ated at atmospheric pressure. Macroscopic distribution of platinum, analyzed by LEIS, varied from

(cc)

321 egg-shell to uniform, depending on the exposure time. Uniform distribution could be obtained even
322 on spheres of 2.5 mm diameter, with an aspect ratio of ca. 125,000:1 (ratio of particle radius to
323 average pore diameter). For the longest exposure time (2880 s) and five ALD cycles, a Pt weight
324 loading on the order of 3.5 to 4 wt% was obtained, giving an average GPC, expressed as average
325 areal number density, of 0.14 to 0.12 Pt atoms/nm?Z.

0 was used to simulate Pt distribution. In order

326 A diffusion—reaction model for porous spheres”
327 to make the modeling results resemble the experimental results, a very low sticking coefficient
328 (on the order of 107?) had to be assumed. This is likely in line with the strong nucleation delay
329 observed for this process. The diffusion-reaction simulations, based on the ideal ALD assumption

330 (i.e., saturating, irreversible reactions) were able to reproduce the main features of the process.
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List of symbols

c Sticking coefficient (-)

M Areal number density (nm~2)

Dp Molecular diffusion coefficient (m%s~1)

Dot Effective diffusion coefficient (m?s~!)

Dxn Knudsen diffusion coefficient (m?s~!)

da Hard-sphere diameter of molecule A (m)

dr Hard-sphere diameter of the inert gas molecule (m)

dpore Pore diameter of the support (m)

£ Porosity (-)

Pcoat Coated volume fraction (V4/VR) of the porous sphere (-)

Kn Knudsen number

Mg Mass of the support (g)

g Total mass of the sample (g)

My Molar mass of the metal (g mol ™)

M Molar mass of reactant A (kg mol~1)

M Molar mass of inert gas I (kg mol~1)

n Stoichiometric factor (number of CO molecules adsorbed per surface metal atom) (-)

nA Volumetric reactant A number density (m—3)

Ny Avogadro’s constant (mol ™ D)

Py Desorption probability (s™!)

q Adsorption capacity of metal M atoms in the ALD growth of film of the MyZ, material
(nm~2) (i.e., GPC expressed as areal number density)

Ps Skeletal density of the support, here y-alumina 3.6 gcm =3
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Specific surface area of the support (m?> g~ 1)

Ratio of surface area (S) and pore volume (-)(Vpore)
Tortuosity (-)

Surface coverage (-)

Time (s)

Temperature (K)

Thermal velocity of molecule A (m s~ !)

Coated volume of the sphere (cm®g~!)

Pore volume (cm>g~!)

Total volume of a sphere (cm>g~!)

Weight fraction of the metal (%)
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Data Availability Statement

The simulation code used for the diffusion—reaction model of porous spheres will be
made publicly available as open research software on GitHub
(https://github.com/Aalto-Puurunen/ALD_porous-sphere_JV). Data will be made
available upon reasonable request.
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