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A B S T R A C T   

ZrO2 and CeO2 昀椀lms were grown in SBA-15 by Atomic Layer Deposition (ALD) to loadings of 0.92 g oxide/g SBA- 
15. Scanning Transmission Electron Microscopy (STEM) with Energy Dispersive Spectra (EDS) showed that the 
oxides grew uniformly inside the mesopores. Film thicknesses were then analyzed as a function of the number of 
ALD cycles using three methods: 1) mass changes assuming bulk densities for the 昀椀lms; 2) changes in pore size 
from Barret-Joyner-Halenda (BJH) analysis with N2 adsorption isotherms; and 3) small-angle X-ray scattering 
(SAXS). Film thicknesses assuming bulk densities were between 6 and 8 times smaller than those obtained from 
BJH analysis. SAXS analysis gave 昀椀lm thicknesses that were approximately twice that obtained from bulk 
densities. Possible explanations of the discrepancies between these methods are discussed.   

1. Introduction 

Mesoporous materials, like SBA-15 and MCM-41, have intriguing 
properties for catalytic applications because of their well-de昀椀ned, uni-
form, pore structures [1–4]. The pore sizes are somewhat tunable and 
extend the range of available pore diameters beyond that which can be 
achieved in zeolites [5]. They are prepared by allowing silica to 
condense out of an aqueous solution in the presence of surfactant. 
Mesoporous oxides having compositions other than silica can be pre-
pared by analogous methods [6–8], but the silica-based materials are by 
far the most common because of their relatively high stability and ease 
of synthesis. 

Another way to vary the composition of mesoporous materials in-
volves coating the pores of silica-based materials with a second oxide. 
Although coatings can be added by conventional in昀椀ltration [9], 
conformal coatings of variable thickness are most easily prepared by 
Atomic Layer Deposition (ALD) [10–14]. In ALD, a solid surface is 
exposed to a precursor molecule which then reacts with that surface to 
form an adsorbed monolayer. After removing excess precursor, the 
adsorbed molecules are oxidized to remove the ligands and form an 
oxide 昀椀lm. By repeating this process, 昀椀lms of variable thickness can be 
prepared. With mesoporous materials that have pores only moderately 

larger than the 昀椀lm thickness, the added 昀椀lms can reduce the size of the 
pores, in addition to changing the composition of those pores. 

Two different methods have been proposed for calculating the 昀椀lm 
thickness of ALD 昀椀lms and the resulting decrease in pore size of a 
modi昀椀ed mesoporous material [10,15]. The 昀椀rst method uses N2 iso-
therms and the Barret-Joyner-Halenda (BJH) method to determine the 
pore sizes of the material before and after 昀椀lm addition [15,16]. Because 
SBA-15 has pores that are very uniform in size, the 昀椀lm thickness can be 
determined quite accurately from the changes in the pore size distri-
bution. Alternatively, because the mass of even thin 昀椀lms added to 
high-surface-area materials can be signi昀椀cant, the 昀椀lm thickness can be 
estimated from the mass of the 昀椀lm, assuming that the density of the 昀椀lm 
is the same as that of the bulk oxide [10]. For example, a 0.5-nm 昀椀lm of 
ZrO2 on a 600-m2/g SBA-15 would have 1.70 g ZrO2/g of SBA-15 (63-wt 
% ZrO2). This calculation is also interesting because it provides an upper 
limit as to how thick the 昀椀lms can be. SBA-15 with even a 0.5-nm 昀椀lm 
will have a signi昀椀cantly lower speci昀椀c surface area, both due to the 
change in mass of the sample and the smaller pore size. 

Unfortunately, it has been shown that these two methods for calcu-
lating 昀椀lm thickness and pore-size changes give dramatically different 
results. In a study of ZrO2 昀椀lms in SBA-15, BET results for a sample with 
0.90 g ZrO2/g SBA-15 (48-wt% ZrO2) showed a decrease in pore size 
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from 9.0 nm to 6.6 nm, implying a nominal ZrO2 昀椀lm thickness of 1.2 nm 
[10]. The 昀椀lm thickness calculated from the mass change on this ma-
terial was 0.25 nm, a factor of 4.8 smaller. It is possible that the density 
of the oxide 昀椀lm is lower than that of the bulk, but the discrepancy here 
seems to be too large. There could also be a contraction of the SBA-15 
structure; however, this would result in a decrease in the distance be-
tween pore centers, which was not observed in X-ray diffraction (XRD) 
[10]. 

In the present study we set out to further investigate the accuracy of 
BJH analysis of N2 adsorption isotherms and gravimetric measurements 
to determine the thicknesses of conformal 昀椀lms of ZrO2 and CeO2 grown 
on mesoporous SBA-15 by ALD. To provide insight into the accuracy of 
each technique we also used analysis of small-angle X-ray scattering 
(SAXS) diffraction data to estimate 昀椀lm thicknesses. The uniform linear 
pore structure of SBA-15 facilitates the use of SAXS for this purpose and 
allows one to obtain an accurate measure of pore diameter and 昀椀lm 
thickness. The results of this study showed that 昀椀lm thicknesses esti-
mated from BJH analysis of N2 adsorption isotherms were substantially 
larger than those determined from SAXS which is consistent with pre-
vious studies that have concluded that BJH analysis underestimates pore 
sizes for mesoporous materials with pores less than 10 nm in diameter 
[17,18]. Pore sizes determined from the weight change and assuming 
the oxide 昀椀lm had the same density as the corresponding bulk material 
were found to be in better accord with those determined by SAXS but 
still systematically underestimated the 昀椀lm thickness. Possible expla-
nations for the discrepancies between the values derived from these 
methods are also discussed. 

2. Materials and methods 

SBA-15 was synthesized following a procedure described in the 
literature [4,5,19–21]. Initially, 4.0 g of Pluronic P-123 (Sigma-Aldrich) 
was dissolved in a solution containing 120 g of 2 M HCl and 30 g of 
deionized water at 298 K. 8.5 g of tetraethoxysilane (TEOS, 
Sigma-Aldrich, 99 %) was then added dropwise at 308 K with stirring for 
20 h at the same temperature. The solution was then maintained at 373 
K for 24 h to facilitate TEOS hydrolysis. The resulting solution was 
昀椀ltered, washed with deionized water, and dried at 353 K for 8 h. 
Finally, to remove the P-123, the sample temperature was ramped at 1 
K/min in 昀氀owing air to 773 K and held at that value for 6 h. The resulting 
SBA-15 had well-de昀椀ned, one-dimensional, 9.45-nm pores and a surface 
area of 785 m2/g, as determined by N2 adsorption isotherms and 
transmission electron microscopy (TEM). The details of the character-
ization have been reported in previous study [10]. 

ALD of ZrO2 and CeO2 on SBA-15 was performed using a homebuilt 
ALD system that has been described previously [22–24]. Tetrakis (2,2,6, 
6-tetramethyl-3,5-heptanedionato)zirconium (Zr (TMHD)4, Strem 
Chemicals, 99 %) and Tetrakis (2,2,6,6-tetramethyl-3,5-heptanedio-
nato)cerium (Ce (TMHD)4, Strem Chemicals, 97 %) were used as the 
precursors for ZrO2 and CeO2, respectively. For each ALD cycle, the 
evacuated sample was 昀椀rst exposed to one of the precursors at 523 K for 
15 min, after which the sample as again evacuated, removed from the 
system, and calcined in muf昀氀e furnace at 773 K for 40 min. The growth 
rate was determined gravimetrically. The samples are referred to as 
XX-ZrO2/SBA-15 and XX-CeO2/SBA-15, where XX represents the num-
ber of ALD cycles. 

N2 adsorption-desorption isotherms were measured at 78 K using a 
Micrometrics TriStar II Plus analyzer. The samples were 昀椀rst heated to 
573 K in a vacuum. The surface areas were then determined from the 
isotherms using the BET equation, and the pore size distributions were 
calculated using the adsorption branches with the Barret-Joyner- 
Halenda (BJH) method. Wide-angle XRD patterns were acquired using 
a Rigaku MiniFlex 6G X-ray diffractometer. TEM, Scanning Trans-
mission Electron Microscopy (STEM), and Energy Dispersive Spectros-
copy (EDS) were performed with a JEOL JEM-F200 STEM operated at 
200 kV. For these measurements, the samples were diluted in ethanol 

and then deposited onto carbon support 昀椀lms on copper grids (Electron 
Microscopy Sciences). 

SAXS was performed at the Dual-source and Environmental X-ray 
Scattering (DEXS) facility at the University of Pennsylvania. The DEXS 
facility is equipped with a PILATUS 1 M detector for small angle scat-
tering and a GeniX3D beam source (8 keV, Cu Kα, λ = 1.54 Å). Powdered 
samples were sealed in 1.0 mm diameter capillaries (Charles Supper 
Company), and 2D scattering patterns were collected at room temper-
ature with a sample-to-detector distance of 1210 mm for 15 min. Scat-
tering from empty capillaries was background subtracted. The isotropic 
scattering data was azimuthally integrated to yield I(q) plots. Data was 
arbitrarily vertically shifted to show data in the range 0.05 nm−1 

< q <
2 nm−1 and 昀椀t using methods described below. 

3. Results 

3.1. ALD of ZrO2 and CeO2 on SBA-15 

The ZrO2 and CeO2 loadings on SBA-15 were monitored using the 
sample weight changes, with results summarized in Fig. 1 and Table S1. 
Fig. 1a shows changes in the mass of the sample, normalized to initial 
mass of SBA-15, as a function of number of ALD cycles for the two oxide 
昀椀lms. In both cases, the mass increased almost linearly with the number 
of cycles, reaching values of 48-wt% after 15 Zr ALD cycles or 10 Ce ALD 
cycles. Fig. 1b shows the BET surface areas of these same samples as a 
function of the number of ALD cycles. The surface areas decreased with 
the number of cycles, from an initial value of 785 m2/g, reaching values 
of 320 m2/g for 15-ZrO2/SBA-15 and 307 m2/g for 10-CeO2/SBA-15. As 
shown in Fig. 1c which plots the surface area normalized to the mass of 
SBA-15, the decreases in speci昀椀c surface area are primarily due to the 
mass change. 

The normalized growth rates can be calculated from the mass 
changes and surface areas in Fig. 1a and b. The initial growth rates for 
ZrO2 and CeO2 on the fresh SBA-15 were 3.8 × 1017 Zr atoms/m2/cycle 
and 4.1 × 1017 Ce atoms/m2/cycle, respectively; but these increased 
with the number of cycles, reaching values of 9.3 × 1017 Zr atoms/m2/ 
cycle and 1.0 × 1018 Ce atoms/m2/cycle at the highest loadings. These 
values are similar in magnitude to what has been reported previously for 
ALD of ZrO2 and CeO2 on other supports [10,22,25,26] and are also 
similar in value to the coverages expected for monolayers of the very 
large precursor molecules used in the present study [27]. We suggest 
that the initial growth rates were low because reaction of the precursors 
with SBA-15 likely occurs at hydroxyl sites and the hydroxyl-site con-
centrations in the fresh SBA-15 have been shown to be low [11]. The 
normalized growth rate increases with coverage, to a value similar to 
that observed for these precursors on γ-Al2O3, after the initial 昀椀lm is 
formed [28]. 

To ensure that the ZrO2 and CeO2 昀椀lms were forming inside the SBA- 
15 pores, the 15-ZrO2/SBA-15 and 10-CeO2/SBA-15 samples were 
examined using TEM/STEM/EDS and XRD. Fig. 2a and b show repre-
sentative TEM and STEM images, with EDS maps, of the 15-ZrO2/SBA- 
15 and 10-CeO2/SBA-15 samples, respectively. The linear, well-de昀椀ned 
pore structure of the SBA-15 support is easily observed in both cases; but 
there was no evidence for ZrO2 or CeO2 particles at the resolution of 
these images, even with the high oxide loadings. However, the EDS maps 
revealed that the pores were uniformly coated with either ZrO2 or CeO2, 
as expected. 

Results from conventional XRD measurements are shown in Fig. 3 for 
the 15-ZrO2/SBA-15 and 10-CeO2/SBA-15 samples. No peaks charac-
teristic of any bulk phases of ZrO2 were observed on 15-ZrO2/SBA-15, 
consistent with an ultra-thin or amorphous ZrO2 昀椀lm. The diffraction 
patterns for 10-CeO2/SBA-15 did exhibit very broad peaks associated 
with the 昀氀uorite phase. Based on the peak widths and the Scherrer 
Equation, the average CeO2 crystallite size was only 2.1 nm, a value less 
than the pore diameter of the SBA-15, consistent with the crystallites 
forming in the mesopores. 
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Having established that the ZrO2 and CeO2 formed inside the mes-
opores of the SBA-15, we next calculated the 昀椀lm thicknesses of the 
oxides using three different methods. The results of these methods are 
summarized in the following sections. 

3.2. Film thicknesses from mass changes with bulk densities 

Assuming that the 昀椀lms formed by each of the oxides have densities 
equal to that of the bulk oxides, the 昀椀lm thickness (t) can be calculated 
from the mass of the 昀椀lm (m), the bulk density of the oxide (ρ), and the 
surface area of the fresh SBA-15 (S) using Equation (1): 

t =
m

S× ρ
(1) 

The calculated 昀椀lm thicknesses are shown in Tables 1 and 2, using 
the densities for monoclinic ZrO2 (5.68 g/cm3) and CeO2 (7.22 g/cm3). 
While it is possible that the actual densities of the 昀椀lms are different 
from that of the bulk oxides, it is worth noting that, in the case of CeO2, 
the lattice spacing obtained from the XRD patterns is close to that of bulk 
CeO2, suggesting that the density of the CeO2 crystallites that make up 
the 昀椀lm must be similar to that of bulk CeO2. At the highest loadings, the 

昀椀lm thicknesses for 15-ZrO2/SBA-15 and 10-CeO2/SBA-15 were calcu-
lated to be 0.21 nm and 0.17 nm, respectively. 

3.3. Film thicknesses from N2 isotherms 

Film thicknesses were also determined from N2 adsorption- 
desorption isotherms, in combination with the BJH Model. The iso-
therms, pore-size distributions, and pore volumes are shown as a func-
tion of the number of ALD cycles for ZrO2 in Fig. 4a–c and for CeO2 in 
Fig. 4d–f. In each case, the samples displayed well-de昀椀ned hysteresis 
loops in their isotherms, indicating that the mesoporous structure was 
maintained throughout multiple ALD cycles. Also, each of the samples 
showed a well-de昀椀ned peak in its pore-size distribution. The pristine 
SBA-15 exhibited a unimodal pore size distribution with a peak centered 
at 9.45 nm. For both ZrO2/SBA-15 and CeO2/SBA-15 samples, the pore- 
size distributions remained narrow and decreased systematically with 
the number of ALD cycles. Considering the ZrO2/SBA-15 series, the pore 
size decreased from 9.45 nm to 6.75 nm after 15 ALD cycles. For the 
CeO2/SBA-15 series, the pore size decreased from 9.45 nm to 6.79 nm 
after 10 ALD cycles. 

Assuming the oxides formed uniform 昀椀lms over the SBA-15 pores, 

Fig. 1. (A) Plot of the mass of MOx/mass of SBA-15 versus the number of ALD cycles (M = Zr, Ce). (b) Speci昀椀c surface areas and (c) normalized surface areas of ZrO2/ 
SBA-15 and CeO2/SBA-15 versus the number of ALD cycles. 

Fig. 2. Representative TEM and STEM images with EDS maps of (a) 15-ZrO2/SBA-15 and (b) 10-CeO2/SBA-15.  
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the 昀椀lm thickness should be half of the difference between the pore size 
of the pristine SBA-15 and ALD-coated sample. These values are re-
ported in Tables 1 and 2 for both oxides as a function of the number of 
ALD cycles. It is noteworthy that the 昀椀lm thicknesses determined for 
both 15-ZrO2/SBA-15, 1.35 nm, and 10-CeO2/SBA-15, 1.33 nm, are 
similar, as should be expected since the loadings of the two oxides were 
both 0.92 g/g SBA-15. However, 昀椀lm thicknesses obtained from the 
isotherms are signi昀椀cantly greater than that determined from bulk 
densities by factors of 6.4 and 7.8 for ZrO2 and CeO2, respectively. These 
differences are too large to be explained in terms of densities of the 昀椀lms. 

Fig. 4c and f show the pore volumes obtained from amounts of N2 
condensed in the pores as a function of the number of ALD cycles of ZrO2 

and CeO2, respectively. The plots show pore volumes normalized to the 
total sample mass and to the mass of SBA-15. The fact that the pore 
volumes, normalized to the mass of SBA-15, change very little indicates 
pore blockage cannot be signi昀椀cant. These plots also provide evidence 
that the BJH analysis overestimates 昀椀lm thicknesses. The pore volume, 
normalized to the mass of SBA-15, should vary as the square of the pore 
diameter; however, the lines showing the calculated pore volumes as a 
function of BJH pore size in Fig. 4c and f are signi昀椀cantly lower than the 
pore volumes determined from the amount of adsorbed N2. The plots 
also include lines to show how the pore volumes should decrease due to 
the volumes of added ZrO2 or CeO2, assuming bulk densities for both 
oxides. The measured pore volumes agree reasonably well with those 
calculations. 

3.4. Film thicknesses from SAXS 

Because SBA-15 consists of a well-de昀椀ned lattice of hexagonally 
packed, cylindrical pores, SAXS data is expected to display peaks due to 
the electron density contrast between the matrix and empty pores. The 
intensity of these peaks is modulated by the form factor which is 
determined from the pore diameter. Therefore, 昀椀tting SAXS data enables 
the determination of the pore diameter; but, to achieve the best 昀椀ts to 
the data, diffuse scattering must also be accounted for. The model used 
for 昀椀tting consists of the summation of two terms [29,30]: 
I(q) = KS(q)Pc(q)D(q) + Idiff (q) (2) 

The 昀椀rst term is multiplied by a constant scaling factor, K, to allow 
the data to be shifted vertically so that calculated scattering intensities 
align well with the measured data and to account for instrumental ef-
fects, such as incident beam 昀氀ux and detector ef昀椀ciency. This term then 
includes the structure factor S(q) for a 2D hexagonal lattice, the squared 
form factor Pc for cylindrical pores, and the Debye-Waller factor D(q). 
The second term, Idiff, represents the diffuse scattering arising from 
imperfections in morphology. 

For an isotropic sample, the structure factor for an undistorted lattice 
is given by: 

S(q)∝
1

q2

3

hkl

MhklGhkl(q) (3)  

where 1/q2 is the Lorentz factor for powder diffraction, Mhkl is the 
multiplicity for Miller indices hkl, and Ghkl is the peak function [30]. For 
a 2D hexagonal lattice, scattering is not observed along the cylinder axis. 
Consequently, only Miller indices hk are relevant, and two-index nota-
tion is used (Mh0 = Mhh = 6, else Mhk = 12). Peaks are observed at q 
values given by: 

qhk =
4π

a

�������������������������

h2 + hk + k2

3

:

(4)  

where a is the lattice parameter. The peak shape is represented by a 
pseudo-Voigt function with a Gaussian/Lorentzian mixing ratio η and 
full-width-at-half maximum w [29]: 

Ghk(q)= η
2

w

�������

ln 2

π

:

exp

[

−4 ln 2
(q−qhk

w

)2
]

+(1−η)
2

πw

[

1+4
(q−qhk

w

)2
]−1

(5) 
The form factor for cylindrical pores of radius R, with a scattering 

length density ρc in a homogenous matrix of scattering length density ρ, 
can be expressed as [29,30]: 

Fc(q,R) = 2π(ρ− ρC)R
2J1(qR)

qR
j

RJ1(qR)

q
(6)  

where J1 is the 昀椀rst-order Bessel function. To account for a distribution 
of pore sizes, a Gaussian distribution with standard deviation σC is 

Fig. 3. XRD patterns of 15-ZrO2/SBA-15 and 10-CeO2/SBA-15. The red tri-
angles represent the peaks corresponding to CeO2 昀氀uorite phase. 

Table 1 
Film thickness of the ZrO2/SBA-15 samples determined from different methods.  

Methods Mass change with bulk density 
(nm) 

N2 isotherm 
(nm) 

SAXS 
(nm) 

2-ZrO2/SBA- 
15 

0.03 0.17 0.06 

4-ZrO2/SBA- 
15 

0.06 0.34 0.18 

10-ZrO2/SBA- 
15 

0.15 0.90 0.33 

15-ZrO2/SBA- 
15 

0.21 1.35 0.50  

Table 2 
Film thickness of the CeO2/SBA-15 samples determined from different methods.  

Methods Mass change with bulk density 
(nm) 

N2 isotherm 
(nm) 

SAXS 
(nm) 

2-CeO2/SBA- 
15 

0.03 0.27 0.06 

4-CeO2/SBA- 
15 

0.07 0.35 0.16 

10-CeO2/SBA- 
15 

0.17 1.33 0.52  
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assumed and used to calculate weight coef昀椀cients w (Ri) for pores of 
radius Ri. The total contribution of the form factor is therefore: 

Pc(q) =
3

∞

i=1

w(Ri)|Fc(q,Ri)|
2 (7) 

The Debye-Waller factor is given as: 

D(q) = exp

[

−σDW
2q2

2

]

(8)  

where σDW is related to the mean-squared displacement of an atom 
about its average position due to thermal vibrations [29,31]. 

The second term in Equation (2), Idiff, accounts for diffuse scattering 
resulting from imperfections in the sample. Because SBA-15 consists of 
submicron sized particles, Porod scattering IP from the interfaces of the 
particles will dominate at q values below q01. Additionally, micropores 
and other inhomogeneities will give rise to diffuse scattering ID at q 
values above q01 [30]. Finally, less well-ordered sections of the sample 
can give rise to broadening of the q01 peak that is not evident in the 
higher order re昀氀ections. This peak broadening is accounted for by 
including an additional Lorentzian peak, IB, centered at q01 with a full 
width at half maximum wB. In total, these contributions are modeled as 
[30]: 

Idiff = IP(q)+ ID(q)+ IB(q)=
AP

q4
+

AD
(

1+ γ2q2
)2
+

ABwB

2π

[

(q−q01)
2 +

(wB

2

)2
]−1

(9)  

where Ap is a constant related to Porod scattering, AD and γ are constants 
relating to the diffuse scattering term, and AB is a scaling factor for the 
Lorentzian peak. 

The SAXS data and plotted 昀椀ts are shown in Fig. 5, and the resulting 
昀椀t parameters are included in the supporting information (See Tables S2 
and S3). Acceptable 昀椀ts were achieved for both the ZrO2/SBA-15 and the 
CeO2/SBA-15 series for all oxide coverages. Low polydispersity in pore 
diameters and similar pore spacings for all samples support SBA-15 
having a well-de昀椀ned structure that is preserved after multiple ALD 
cycles. For the ZrO2/SBA-15 series, 昀椀tting results show the pore diam-
eter decreases smoothly from 8.64 nm to 7.65 nm after 15 ALD cycles 
indicating a 昀椀nal ZrO2 thickness increase of 0.50 nm. Similarly, the 
CeO2/SBA-15 series has a pore diameter decrease from 8.64 nm to 7.60 
nm after 10 ALD cycles, indicating a 昀椀nal CeO2 昀椀lm thickness of 0.52 
nm. Note that the thicknesses measured by X-ray scattering are inde-
pendent of the mass density of the deposited layers. Calculated 昀椀lm 
thicknesses determined from the SAXS data for the series of ZrO2/SBA- 
15 and CeO2/SBA-15 samples are reported in Tables 1 and 2. 

Fig. 4. (A) N2 adsorption-desorption isotherms, (b) pore-size distributions, and (c) pore volumes as a function of ZrO2 ALD cycles on SBA-15. (d) N2 adsorption- 
desorption isotherms, (e) pore-size distributions, and (f) pore volumes as a function of CeO2 ALD cycles on SBA-15. In Fig. 4b and c, V and w represent pore vol-
ume and pore diameter, respectively. In Fig. 4c and f, the blue and red points indicate the pore volumes normalized to the total sample mass and to the mass of SBA- 
15, respectively. The solid lines show the expected pore volumes, normalize to the mass of SBA-15, assuming bulk densities for the added oxides, while the dashed 
lines show calculated pore volumes, normalized to the mass of SBA-15, using pore diameters from N2 isotherms in Tables 1 and 2 
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4. Discussion 

A plot of the 昀椀lm thicknesses derived from mass changes, N2 iso-
therms, and SAXS results is shown in Fig. 6 as a function of the number 
of ALD cycles for ZrO2/SBA-15 and CeO2/SBA-15. For both ZrO2 and 
CeO2 昀椀lms, 昀椀lm thicknesses determined from mass changes using the 
bulk oxide densities provided the lowest values and 昀椀lm thicknesses 
determined from N2 isotherms provided the highest values. Film thick-
nesses obtained from SAXS were between these two extremes, but closer 
to the values obtained from mass changes. The trends were consistent for 
all oxide coverages, and differences in the values obtained from the 
various techniques were much larger than any uncertainties in the 
measurements. It is important to ask why the methods give different 
values and to determine which value is best. 

First, it is important to recognize that each of the three methods for 

calculating 昀椀lm thickness assumes smooth, cylindrical pores. Because 
the size of the pores in these materials are molecular in scale, some as-
sumptions of bulk properties will break down. The pores will not be 
smooth on the atomic scale, and sub-nanometer 昀椀lms may not have the 
same densities as their corresponding bulk oxides. 

The question of effective 昀椀lm densities is worth additional attention. 
With the CeO2 昀椀lms, the wide-angle XRD results showed that the 昀椀lm 
was composed of CeO2 crystallites that have a 昀氀uorite structure, with the 
normal lattice spacing. This implies that the bond distances and orien-
tations are similar to that of bulk CeO2 and that the density of the 
crystallites should be similar to that of the bulk material. However, it is 
reasonable that there could be void space between the crystallites. For 
example, even close packing of hard spheres would leave more than 25 
% voids; and less effective packing could easily increase this by a factor 
of two. This would be suf昀椀cient to explain the discrepancies between the 

Fig. 5. Small angle X-ray scattering patterns and 昀椀ts to Equation (2) for (a) 0–15 ALD cycles of ZrO2 on SBA-15 and (b) 0–10 ALD cycles on CeO2 on SBA-15.  

Fig. 6. Film thickness versus number of ALD cycles measured from the methods of mass change, N2 isotherm, and SAXS for (a) ZrO2/SBA-15 and (b) CeO2/SBA-15.  
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昀椀lm thicknesses determined from bulk densities and SAXS. The effective 
昀椀lm densities that one calculates from the isotherm results are much 
lower and not easily explained by void spaces. 

Although the use of N2 adsorption with BJH analysis is common for 
determining the pore size of porous materials, studies have reported that 
the BJH analysis could underestimate the pore sizes of mesoporous 
materials with sizes less than 10 nm [17,18]. The 昀椀lm thicknesses are 
determined from changes in the measured pore sizes, and one might 
expect that underestimates would cancel. However, if the errors in the 
BJH analysis are dependent on pore size, this could explain the observed 
discrepancies in our study. Since the 昀椀lms in our case were much thinner 
than the pore diameter, it is surprising that the effect would be this large. 

Obtaining the thickness of ALD-synthesized 昀椀lms through the BJH 
method and SAXS on conventional porous supports is obviously chal-
lenging since these supports typically have random pore sizes and 
structures. In our study, we leveraged the well-de昀椀ned pore structure of 
SBA-15, combined with the ability to prepare uniform 昀椀lm through ALD, 
to determine the 昀椀lm thickness. This approach could provide valuable 
insights into ALD 昀椀lm growth not only on SBA-15 but also on various 
porous materials. 

5. Conclusions 

The thicknesses of ZrO2 and CeO2 昀椀lms grown on SBA-15 by ALD 
were determined as a function of the number of ALD cycles using weight 
changes assuming bulk densities, N2 isotherms, and SAXS. Calculations 
assuming bulk densities gave 昀椀lm thicknesses that were signi昀椀cantly 
lower than those obtained from pore-size distributions from N2 iso-
therms. Film thicknesses from SAXS analysis were in reasonable agree-
ment with thicknesses assuming bulk densities if one assumes roughly 
50 % void spaces in the 昀椀lms. 
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