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a  b  s  t  r  a  c  t

Alumina  films  were  deposited  on titania  nanoparticles  via  atomic  layer  deposition  (ALD)  in  a fluidized
bed  reactor  at  180 ◦C and  1 bar.  Online  mass  spectrometry  was  used  for  real  time monitoring  of efflu-
ent  gases  from  the  reactor  during  each  reaction  cycle  in  order  to determine  the  optimal  dosing  time
of  precursors.  Different  oxygen  sources  were  used  to  see  which  oxygen  source,  in combination  with
trimethyl  aluminium  (TMA),  provides  the  highest  alumina  growth  per  cycle  (GPC).  Experiments  were
carried  out  in  4,  7 and  10 cycles  using  the  optimal  dosing  time  of precursors.  Several  characterization
methods,  such  as  high  resolution  transmission  electron  microscopy  (HRTEM),  Brunauer-Emmett-Teller
(BET), energy  dispersive  X-ray  spectroscopy  (EDX),  Fourier  transform  infrared  (FTIR),  X-ray  diffraction
(XRD)  and  instrumental  neutron  activation  analysis  (INAA),  were  conducted  on  the products.  Formation
of the  alumina  film  was  confirmed  by EDX  mapping  and  EDX  line  profiling,  FTIR  and  TEM.  When  using
either  water  or  deuterium  oxide  as the  oxygen  source,  the  thickness  of  the  alumina  film  was  greater  than
that of  ozone.  The  average  GPC  measured  by TEM for the ALD  of  TMA  with  water,  deuterium  oxide  and
ozone  was  about  0.16  nm,  0.15  nm  and  0.11  nm, respectively.  The  average  GPC  calculated  using  the  mass
fraction  of  aluminum  from  INAA  was  close  to  those  measured  from  TEM  images.  Excess  amounts  of  pre-

cursors  lead  to a higher  average  growth  of alumina  film  per  cycle  due  to insufficient  purging  time.  XRD
analysis  demonstrated  that amorphous  alumina  was  coated  on  titania  nanoparticles.  This amorphous
layer  was  easily  distinguished  from  the crystalline  core  in  the  TEM  images.  Decrease  in  the  photocat-
alytic  activity  of titania  nanoparticles  after  alumina  coating  was  confirmed  by measuring  degradation  of
Rhodamine  B by  ultraviolet  irradiation.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Functionalization of the surface of nanoparticles is needed in
any industrial applications [1–3]. Applying an inert film to shield

he surface of nanoparticles for avoiding spontaneous interaction
f the core powder with its surrounding material is an example
f these applications [1,2,4,5], for instance, deposition of alumina

nd silica on titania nanoparticles for decreasing unfavorable photo
ctivity effects of titania [5–7]. Titania nanoparticles, as white
igment, is the prevalent material used in paints, plastics and ultra-
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E-mail addresses: J.R.vanOmmen@tudelft.nl (J.R. van Ommen),

ostoufi@ut.ac.ir (N. Mostoufi).

ttp://dx.doi.org/10.1016/j.apsusc.2017.07.168
169-4332/© 2017 Elsevier B.V. All rights reserved.
violet (UV) blockers in sunscreens [1,2,8–10]. However, titania is a
well-known photocatalyst that facilitates the oxidation of organic
compounds which degrades the polymer surrounding the pigment
in paints or can adversely affect the skin when used in sunscreens
[2,6,8–11]. In order to solve these problems, the photocatalytic
activity of titania nanoparticles must be quenched and coating an
ultrathin inactive film on the surface of titania particles can be pro-
posed to decrease the photoactivity of the nanoparticles [2,6–13].

Atomic layer deposition (ALD) is a chemical technique suitable
for depositing thin layers, with precise control of the thickness,
on the surface of nanoparticles [14,15]. This technique offers the
possibility of coating of primary particles as well as complex nanos-

tructures with high surface area [1,16–21]. Researchers from the
former Soviet Union were the first to establish ALD principle, but
referred to it as molecular layering [3,18]. The ALD process can be
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Nomenclature

ac specific surface area of particles (m2/g)
CA concentration of precursor (mol/m3)
C/C0 relative concentration of RhB
FTMA molar flow rate of TMA  (mol/min)
nactivesite number of active sites (1/nm2)
P*A vapor pressure of precursor (Pa)
Qi flow rate of inert gas (m3/min)
SBET specific surface area (m2g−1)
T temperature (K)
V1p

Al2O3
volume of aluminum oxide in each particle (m3)

x Al mass fraction of aluminum

Greek letters
�  thickness of alumina layer (nm)
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� density of the material (g cm−3)

escribed as two complementary and self-limiting gas-solid reac-
ions, applied in a sequential way to build-up solid layers on the

aterial surface [1,8–11,16–20,22–30]. In the first step, a reactant is
dsorbed on the surface of the substrate by a self-terminating reac-
ion. In the second step, a purge gas removes gaseous by-products
rom the reactor to prevent progress of unwanted reactions in the
as-phase between injections of precursors. In the third step, the
econd precursor reacts with the adsorbed monolayer. Finally, in
he fourth step, a purge gas discharges the by-product gases from
he reactor again [1,8–11,16–20,22–30]. These steps, called a cycle
f the ALD process, can be repeated as many times as required to
btain the desired thickness of the film deposited on the particle
1,16–20,31].

It is important to eliminate radial and axial concentration gradi-
nts in the ALD reactor to achieve a high quality product. Therefore,
uidized bed reactors, which can provide an efficient contact
etween fluid and solids, are well suited for large scale ALD oper-
tions [1,8,22,32–41]. High transport rates in fluidized beds can be
sed in the ALD process to produce uniform products that is often
ard to achieve in other types of reactors. Ferguson et al. [42–45]
howed that ALD has the capacity of coating thin films on the sur-
ace of primary particles. Miikkulainen [46], Puurunen [18] and
eorge [23] reviewed advances in ALD and highlighted the com-
ination of different materials that can be applied for this process.
uurunen [18] described in details mechanism of the widely stud-
ed trimethyl aluminium (TMA)-water system. Coating of alumina
n particles by ALD in a fluidized bed was utilized for forming a
arrier against oxidation and other applications [2,5,47–51]. It was
ound that coating of LiMn2O4 cathode particles with alumina film
ncreases the lifetime of Li-ion batteries [22,52].

The ALD coating of alumina on a variety of powders
as been investigated at different operating conditions, from
acuum to atmospheric, and different temperatures, rang-
ng from 25 to ∼180 ◦C [2,4,18,19,22,52–62]. Most researchers
2,9,11,19,22,27,52,62,63] have utilized water as the oxygen source
n ALD of TMA  for alumina coating. However, water tends to form
ydrogen bonds on the surface of oxide powders which makes

ts removal difficult during the purging step [58]. Desorption of
zone from surface of the substrate requires shorter purging time
s compared with water. Thus, using ozone as the oxidizer can
e advantageous. Using ozone and other oxygen sources (water
nd deuterium oxide) in the ALD of TMA  for alumina coating has

een investigated in some types of reactors [58,59,64–66] but not

n fluidized beds.
The aim of the present work is to experimentally investigate

he ALD of aluminum oxide on titania nanoparticles at 1 bar and
Science 426 (2017) 480–496 481

160–180 ◦C. Online mass spectrometry is used for real time mon-
itoring of reactants and gaseous products throughout the ALD
reaction. Deuterium oxide (D2O) was  used instead of water to dis-
tinguish, in the mass spectrum, between the methane molecules
formed by the ALD reactions and those formed directly from frag-
mentation of TMA  in the mass spectrometer. The effect of different
oxygen sources (water, deuterium oxide and ozone) on the alu-
mina ALD with TMA  is studied in terms of GPC, conformity and
saturating dosing time. Also, the influence of alumina coating on
the photocatalytic behavior of titania core powder is investigated.

2. Experimental section

2.1. Experimental setup

ALD of alumina on titania nanoparticles was  performed in a
vibrated fluidizing bed reactor at 1 bar. Schematic of the set-up is
shown in Fig. 1. The reactor was made of glass with an internal
diameter of 26 mm  and height of 500 mm.  In each test, the reactor
was initially filled with 2.5 gr of titania nanoparticles. The reactor
was placed on a vertical vibrating table with two  vibromotors in
order to vibrate the reactor with a frequency of 35 Hz to assist the
fluidization of powder [19]. The reactor temperature was  kept in
the range of 160–180 ◦C by means of an infrared lamp positioned
parallel to the column. A thermocouple was placed inside the bed to
control the reactor temperature. The temperature range was within
the preferred ALD growth window of alumina [19,58]. Nitrogen
with a flow rate of 0.5 L/min was introduced to the column through
a porous plate distributor with a pore size of 37 �m.  To evacuate
unreacted TMA  and byproducts, the exhaust gases were led through
separate gas washers filled with Kaydol oil. The whole setup was
placed in a cabinet filled with nitrogen.

Aeroxide P25 titanium oxide (TiO2) particles from Evonik Indus-
tries (Hanau, Germany), which are mainly non-porous with specific
surface area of 51 m2/g, were utilized as nanoparticles in the exper-
iments. TMA  was supplied by Akzo Nobel HPMO (Amersfoort, The
Netherlands) in a 600 mL  WW-600 stainless steel bubbler and was
kept at 30 ◦C. Three different oxidizers were used in this research,
including demineralized water, deuterium oxide and ozone. Dis-
tilled water and deuterium oxide were kept in a similar bubbler.
Ozone was produced by an ozone generator (OAS Topzone).

2.2. Experimental procedure

2.2.1. Coating experiments
Online mass spectrometry was  used to monitor the reaction

progress during each ALD cycle and to tune the optimum usage
of precursor in the minimum processing time and minimize excess
usage of precursors. Required dosing time for saturation of tita-
nia nanoparticles for three sets of experiments with [(TMA-H2O);
(TMA-D2O); (TMA-O3)] was determined with online mass spec-
trometry from breakthrough of precursor. The experiments were
performed in 4, 7 and 10 cycles. The self-limiting nature of ALD
reaction was  checked by increasing the dosing time of precursors.
Deposition of alumina was  carried out with increasing the dosing
time of precursors in a separate set of experiments. Excess deu-
terium oxide was  applied as the oxidizer in experiments and 4, 7
and 10 cycles were performed with establishing a feeding sequence
of TMA–N2–D2O N2 (30–7–30–7 min). This translates into dosing
of TMA  at 10 times the ideal dosing time of precursors and purging

the system with N2 for 7 min  (which corresponds to 13 residence
times). Results of this set of experiments were compared with those
obtained by applying the optimal dosing time determined by online
monitoring of effluent gases via mass spectrometry. This compar-
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Fig. 1. Schematic of th

son is important for checking if the purging time is sufficient to
btain a desired film.

.2.2. Photocatalytic tests
The photocatalytic activity of coated nano-powders were deter-

ined by using the degradation of Rhodamine B (RhB) under UV
ight. In each test, 30 mg  of the powders were added to 30 mL  RhB
olution (8 mg/L) and continuously mixed by a magnetic stirrer in
he dark for 30 min  to obtain adsorption/desorption balance and
et a uniform suspension. The suspension was then exposed to UV
adiation generated by a 45 W mercury lamp for various exposure
imes. The solution was then analyzed by the UV–visible spec-
rophotometry technique to determine the residual concentration
f RhB in the solution.

.3. Characterization of the coating

.3.1. X-ray diffraction
X-ray diffraction (XRD) analyses were performed in Bragg

rentano geometry, using a Bruker AXS D8 Advance diffractome-
er with Lynx Eye detector. The scans were recorded using a Co K�
ource for 2� range between 5 and 95◦ with a step size of 0.025◦.

.3.2. Transmission electron microscopy
Transmission electron microscopy (TEM) was performed using a

EI Tecnai TF20UT/STEM operating at 200 kV and a FEI Cs corrected
ubed Titan operating at 300 kV in order to determine the thick-
ess of alumina film deposited on titania particles. The powder
as dispersed in ethanol, ultra-sonically shaken for two  minutes

nd a droplet was put on a Quantifoil carbon foil on a Cu grid
sing a pipette. High resolution images were obtained as well as
nnular Dark Field (ADF) images in Scanning TEM mode (STEM).

nergy Dispersive X-ray (EDX) measurements were done using an
xford Instruments X-MaxN 100TLE detector. STEM mode was used

o obtain elemental maps by collected an EDX spectrum for each
osition of the electron beam in the scanned area.
 fluidized bed reactor.

2.3.3. BET surface area
The specific surface of coated particles was determined

by the Brunauer-Emmet-Teller (BET) test. Isotherms of N2
adsorption–desorption were measured with a Micrometrics TriS-
tar II 3020 based on acquisition of N2 adsorption isotherm at 77 K
in relative pressure 0.008 − 0.98. Pre-treatment was carried out by
purging of powder with dry nitrogen at 423 K for 16 h.

2.3.4. FT-IR spectroscopy
Fourier transform infrared (FTIR) spectroscopy was  used to

determine the fundamental vibrations of the material in the range
of 4000–400 cm−1 (mid-infrared). FTIR provides information about
the chemical bonds in the sample. The FTIR spectra were recorded
on a Thermo Scientific Nicolet 8700 FTIR spectrometer equipped
with a DTGS-detector and a high-temperature DRIFT-cell with CaF2
windows (HVC Harrick Praying Mantis). The samples were first
dried at 150 ◦C. The spectrum of each sample was determined
by accumulating 128 scans at a resolution of 4 cm−1, under a
20 mL/min flow of helium.

2.3.5. Instrumental neutron activation analysis
Instrumental neutron activation analysis (INAA) is a multi-

element analytical technique used for both qualitative and
quantitative analysis of elements. To carry out this analysis, the
specimen was placed into a nuclear reactor and irradiated with
neutrons, leading to formation of radioisotopes of the elements.
Following irradiation, decay of radioisotopes was  detected via the
emission of particles, or more importantly �-rays, which are char-
acteristic of the elements. This technique was  applied to determine
the mass fraction of aluminum and other elements in the coated
samples. Using the mass fraction of aluminum in the samples and
assuming substrate particles to be spherical, the volume of alu-
minum oxide in each particle and the film thickness was calculated

by the equation suggested by Valdesueiro et al. [19]. In the calcula-
tion of film thickness, the density of aluminum oxide at 170 ◦C and
its Sauter mean diameter were considered to be 3000± 200 kg/m3

and of 32.7 ± 3.3 nm,  respectively [19].
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. Results and discussion

.1. Mass spectrometry

.1.1. TMA-water
Precursor efficiency is critical for the economic feasibility of

LD of nanoparticles due to the relatively large amount of reac-
ants needed [17,67]. Therefore, determining the optimum usage
f precursor during coating is necessary. Online mass spectrome-
ry was used to carry out residual gas analysis during deposition of
lumina on titania particles. Useful information can be obtained
y analyzing the mass spectrometry data during an ALD cycle.
ig. 2 shows the residual gas composition gathered throughout
he second cycle of alumina coating on titania nanoparticles, using
MA and water. During the deposition, primary and fragmenta-
ion peak of the reaction products and precursor molecules were

onitored online through mass spectrometry. The monitored m/z
eaks during exposure of TMA  and water can be seen in Table S1
Supplementary Information S1). In this table, the entire molecules
nd their fragments, derived through ionization of their parent
olecule, are shown. Alumina ALD using TMA  and water occurs

ccording to the following two subsequent reactions, in which ‖
esignates the surface species [11,12,27,42,54].

 − AlOH + Al(CH3)3 → ‖ − AlOAl(CH3)2 + CH4 (1)

 − AlOAl(CH3)2 + 2H2O → ‖ − AlOAl(OH)2 + 2CH4 (2)

During each half cycle, the reactants completely saturate the
ctive sites on the surface of powder, making ALD a self-limiting
rocess [2,8,19,22]. Alumina deposition ALD using TMA  and water

s based on the following reaction [11,42,68]:

Al(CH3)3 + 3H2O → Al2O3 + 6CH4 (3)

It can be seen in Fig. 2 that at the beginning, there is a sudden
ncrease in the methane signal as the precursor (TMA) is fed into
he reactor. This methane signal is related to the product of reac-
ion (1). When the reaction becomes near complete throughout the
ed, methane generation begins to decrease and a breakthrough
f fragmentation products of TMA  is observed. With an increase
n the TMA  signal, the methane signal also increases due to TMA
ecomposition in filament of the mass spectrometry. Furthermore,

 break point in the mass spectrum of methane, which separates
wo sources of methane, takes place close to the TMA  breakthrough.
his breakpoint has been specified in Fig. 2. In fact, the signals of
ragmentation products of TMA  do not increase until the methane
ignal due to reaction has dropped. Since decomposition of the pre-
ursor in the filament produces small amounts of methane, the
ethane increases and its signal does not return to its base level.

ntensity of the signal of fragmentation products of TMA  (m/z = 42)
emains constant with more feeding of TMA  into the reactor. The
eactor is then purged after the breakthrough to remove the reac-
ion products and unreacted precursor from the reactor. As a result,
he methane signal returns to its base level. In the second half cycle,
ater is fed into the reactor, leading to a sudden increase in the
ethane signal according to reaction (2). After a while, the methane

ignal decreases and the breakthrough of fragmentation products
f water can be observed, indicating saturation of the surface with
ater. The water breakthrough does not take place at the maxi-
um  of methane signal and does not increase until the methane

ignal is considerably dropped. Similar results were obtained for
lumina coating on iron (II, III) oxide (Fe3O4) nanoparticles [4] and
lso for a large batch of micron-sized metal particles using online

ass spectrometry [9]. In each half-reaction, a gas precursor reacts
ith a functional group on the surface and forms methane as a

y-product. This surface reaction continues until all available sur-
ace functional groups are reacted [9]. Similar plot and trend were
Science 426 (2017) 480–496 483

obtained for other reaction cycles as can be seen in Fig. S1 (Sup-
plementary Information S1). Logarithmic scales have been used for
vertical axis (ion current) to better illustrate the mass spectrometry
data.

To determine the precursor dosing time, the total required
moles of precursor for saturation of the surface of substrate and
molar flow rate of precursor should be calculated. The required
moles of precursor for saturation of the surface of substrate can
be estimated from the total amount of active sites in the bed of
particles (i.e., number of hydroxyl groups divided by the Avogadro
number). The molar flow rate of the precursor can be calculated
from:

FA = CAQA,in = QA,in

(
P∗

A

RT

)
(4)

where CA is the concentration of precursor (mol/m3), P*A is the
vapor pressure of precursor at bubbler temperature (Pa) and QA,in
is the flow rate of inert gas through the bubbler (m3/min). Thus,
the ideal dosing time of the precursor in each ALD cycle can be esti-
mated from the required mole of precursor for surface saturation
divided by the molar flow rate of the precursor:

tidealofTMA =
(macnactivesite

NA

)
FTMA

(5)

where ac is the specific surface area of TiO2 nanoparticles
(51 m2/g), m is the mass of powder placed inside the column
(2.50 g) and nactivesite is the surface concentration of hydroxyl
groups (5.0 OH/nm2). The flow rate of nitrogen (0.5 L/min) as well
as TMA  bubbler temperature (30 ◦C) and water bubbler temper-
ature (10 ◦C) were considered for calculating the molar flow rate
of precursors. According to the overall reaction of TMA  and water
(reaction 3), required moles of water for saturation of the surface
is 1.5 times moles of TMA. Thus, the ideal dosing time of water can
be calculated from:

tidealofwater = 1.5

(macnactivesite
NA

)
Fwater

(6)

According to Eqs. (5) and (6), the ideal dosing time of TMA  and water
are about 2.63 min  and 6.3 min, respectively, at the conditions of
this work. These times are in reasonable agreement with the time of
breakpoint (2.6 min) as well as breakthrough times of TMA  (∼2 min)
and water (∼7.2 min) determined from the mass spectrum (Fig. 2).

3.1.2. TMA- deuterium oxide
Alumina ALD using TMA  and deuterium oxide occurs accord-

ing to the two subsequent reactions [69], in which ‖ indicates the
surface species:

x‖ − AlOD + Al(CH3)3 → ‖ − AlOxAl(CH3)3−x + xCH3D (7)

‖ − AlOxAl(CH3)3−x + 1.5D2O → ‖ − AlOxAlO(3−2x)/2(OD)x +
(3 − x) CH3D (8)

Deuterium oxide (D2O) was used instead of water to distin-
guish, in the mass spectrum, between the methane molecules
formed by the ALD reactions and the methane molecules formed
directly from the fragmentation of TMA  in the mass spectrome-
ter. Fig. 3 shows the residual gas analysis gathered throughout the
first alumina coating cycle (using TMA  and deuterium oxide) on
titania nanoparticles. Primary and fragmentation peak of reaction

products and precursor molecules were monitored online through
the mass spectrometry. The monitored m/z peaks of the entire
molecules and their fragments during exposure of TMA  and deu-
terium oxide are given in Table S2 (Supplementary Information S2).
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Fig. 2. Mass spectrum of TMA-H2O ALD on TiO2 P25 during cycle 2.

A-D2O

T
t
a
r

Fig. 3. Mass spectrum of TM

he peaks at m/z  = 42, 57 and 72 are associated with the fragmenta-

ion of the precursor molecule in the mass spectrometry filament
nd can be related to the concentration of TMA  at the outlet of the
eactor. Also, the peak at 17 corresponds to CH3D in the fragmen-
 on TiO2 P25 during cycle 1.

tation product which is the main product of the half reactions (7)

and (8).

Fig. 3 shows a sudden increase in the methane signal as the
precursor (TMA) is fed to the reactor. This corresponds to the pro-
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H. Azizpour et al. / Applied Su

uction of methane due to the reaction between TMA  and hydroxyl
roups on the surface of particles. Soon after the generated methane
egins to decrease and breakthrough of the fragmentation prod-
cts of TMA  is observed, saturation of substrate surface occurs
arrows indicate the breakthrough of TMA  and deuterium oxide
n Figs. 3 and 4). With more flow of TMA, the methane signal also
ncreases because of direct formation of methane due to the frag-

entation of TMA  in the mass spectrometer. Since decomposition
f the precursor produces small amounts of methane, the methane
ignal does not return to its base level. Breakthrough of the precur-
or takes place close to the break point of the methane signal. The
ignal corresponding to products of fragmentation of TMA  remain
onstant with more feeding of TMA  to the reactor. Since there
as no deuterium before initial dosing of D2O into the reactor, an

nstantaneous increase of the signal of CH3D byproduct was  not
een.

After enough purging, the methane signal returns to its base
evel and D2O was fed into the reactor. D2O reacts with the adsorbed

onolayer during the second half of the reaction and CH3D and
H4 signals increase instantaneously. As dosing of D2O proceeded,
H3D and CH4 signals began to decrease and the breakthrough of
ragmentation products of deuterium oxide was observed, indicat-
ng saturation of the substrate surface with oxidizer molecules.
imilar to water breakthrough, the D2O breakthrough does not
ake place at the maximum of the product signal (here, CH3D)
nd does not increases until the CH3D signal has considerably
ropped. The signal of D2O appeared after about 8 min  of D2O dos-

ng (arrows indicate the breakthrough of TMA  and deuterium oxide
n Figs. 3 and 4). At this point, the surface reaction was  nearly com-
lete and nitrogen was  fed into the reactor to purge any residual
eaction products or unreacted D2O from the reactor. Similar results
ere reported by King et al. [1] for online mass spectrometry of
LD of Al2O3 on 16 �m high density polyethylene (HDPE) particles
t 77 ◦C.

The ideal dosing times of TMA  and D2O can be calculated by
onsidering the surface area of TiO2 particles (51 m2/g), the mass of
owder placed inside the column (2.5 g) and the flow rate of nitro-
en (0.5 L/min.) as well as TMA  bubbler temperature (30 ◦C) and
2O bubbler temperature (10 ◦C). The vapor pressure of deuterium
xide is 1000 Pa at 10 ◦C [70]. The ideal dosing times were calcu-
ated based on Eqs. (5) and (6) to be about 2.66 min  for TMA  and
.8 min  for D2O in the conditions of this work. These times are in
easonable agreement with the time of breakpoint of methane sig-
al (2.5 min) as well as breakthrough times of TMA  (∼1.6 min) and
2O breakthrough (∼8.3 min) determined from the mass spectra

Figs. 3 and 4).
Analysis of the residual gas, carried out throughout the second

ycle of coating, is shown in Fig. 4. Since the particle surface was
aturated with OD groups at the end of the previous cycle, an instan-
aneous increase in the peak of CH3D can be observed with dosing
f TMA  in the second cycle. As the dosing of TMA  proceeded, CH3D
s well as the corresponding signal decreased and the signal of TMA
ragmentation appeared after 2 min. (TMA breakthrough). As can be
een in Fig. 4, the time of TMA  breakthrough takes places close to
he time of break point of methane. Definition of the break point
ecomes important when the peak of TMA  is not sharp enough and
etecting TMA  breakthrough is not possible. Therefore, the time
f occurrence of this break point can be considered as the time
f saturation of surface with TMA. After enough purging, D2O was
osed into the reactor and again a sharp increase in the CH3D signal
as observed. As the D2O dosing proceeded, signals of CH3D and
H4 began to decrease and the signal of D2O appeared after about

.0 min  of D2O dosing. As reported by Juppo et al. [69], the increase

n the CH4 signal during the early stage of D2O pulse and also the
ncrease in the CH3D intensity at D2O breakthrough can be related
o the effect of neighboring peaks. On the other hand, during the
Science 426 (2017) 480–496 485

D2O pulse, OD+ (m/e=18) is produced and can contribute to the
peak of CH3D (m/e=17). In the case of increase of methane, CH3D
and its fragments can cause the same effect on CH4

+ (m/e=16).
The same phenomena were observed in the reaction of TMA-

D2O on 2 gr of micron sized �-alumina (60 m2/gr) and the flow rate
of nitrogen (0.75 L/min.). Fig. S2 (Supplementary Information S2)
shows all fragments of this ALD reaction for 4 cycles. For easier
interpretation of the results, the fragments are shown in separate
figures (Figs. S2(a-c)). The trends for all products and oxidizer frag-
ments in the coating of alumina on micron sized particles are the
similar as that for nanoparticles. Unlike the mass spectrum of reac-
tion of TMA  and deuterium oxide with TiO2 nanoparticles, changes
in TMA  fragments is not clear in case of reaction with �-alumina.
However, since the breakthrough of TMA  occurred close to the max-
imum fragmentation of methane, this maximum was considered
for determining the optimum dosing time of TMA. The ideal dosing
times estimated from Eqs. (4) and (5) are about 1.66 min  for TMA
and 4.5 min  for D2O at the conditions of this work. The results are
rather close to the breakthroughs in the mass spectrum which are
2.4 min  and 3.85 min  for TMA  and oxidizer saturation, respectively.

The same phenomena can be seen in the reaction of TMA-D2O on
silica gel powder with large surface area. The ideal dosing times of
the precursors can be calculated by taking into account the surface
area of silica gel powder (520 m2/g), the mass of powder placed
inside the column (1.0 g), the flow rate of nitrogen through TMA
and D2O bubblers were set to 0.5 L/min. and 1.0 L/min., respec-
tively. Ideal dosing times estimated by this method are about
10.5 min  for TMA  and 16.0 min  for D2O. These times are close to
those obtained from the saturation time determined from the break
point of methane signal which is about 8.5 min  for TMA and break-
through times of D2O which is about 20 min. It should be noted
that although the intensity of breakthrough of TMA  in coating of
alumina on micron sized particles is not as clear as in nanoparti-
cles, this breakthrough (or optimum dosing time of TMA) can be
determined based on the time of breaking point of the methane
signal in mass spectrum of methane fragments. As mentioned in
the previous section, this point corresponds to the breakthrough of
TMA in the coating of nanoparticles, thus, can be used for deter-
mining of TMA  breakthrough. This point is shown with arrows in
Figs. 4 and 5. Also, the mass spectrum of the second cycle can be
seen in Fig. S3 (Supplementary Information S2).

Using deuterium oxide instead of water in alumina ALD lead to
distinguish between the methane molecules formed by the ALD
reactions and the methane molecules formed directly from the
fragmentation of TMA  in the mass spectrometer. Also, the D2O
breakthrough does not take place at the maximum of the prod-
uct signal and increases until the product signal has considerably
dropped (Similar to water breakthrough).

3.1.3. TMA-Ozone
Fig. 6 shows the analysis of the residual gas gathered through-

out the first cycle of alumina coating on titania nanoparticles, using
TMA  and ozone. The mechanism of growth of alumina film with
TMA  and ozone is different from TMA  and water or deuterium
oxide. The first half of the ALD reaction of TMA-ozone (reaction
of TMA  with active sites) is the same as reaction (1). However,
the reaction in the second half cycle occurs as follows, in which
‖ indicates the surface species [59]:

‖ − AlOAl(CH3)2
O3→‖ − AlOAl(OCH3)2 (metoxy)

−CH4→ ‖
O3 −CO2
−AlOAlOCHO (formate) →‖ − AlOAlOCOOH (Carbonate) → ‖

−AlOAl(OH)2 (hydoxyls group) (9)



486 H. Azizpour et al. / Applied Surface Science 426 (2017) 480–496

Fig. 4. Mass spectrum of TMA-D2O on TiO2 P25 during cycle 2.

Fig. 5. Mass spectrum of TMA-D2O ALD on silica gel during cycle 1.

Table 1
Species detected by analysis of the residual gas during ALD of alumina on TiO2 P25 using TMA-O3.

ALD film Reactant A Reactant A fragments Reactant B Reactant B fragments Product

Alumina TMA Al(CH3)3(m/z=72) Ozone O2(m/z=32) CH3(m/z=15)

CH4(m/z=16)

H2O(m/z=18)

CO2(m/z=44)

Al(CH3)2(m/z=57)

Al(CH3) (m/z=42)
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Fig. 6. Mass spectrum of

The entire molecules and their fragments during exposure of
MA  and ozone, derived through the ionization in the mass spec-
roscopy, are listed in Table 1.

Since the oxygen signal at m/z=16 interferes with the signal of
ethane, methane can be detected through the peak at 15 and the

xygen should be monitored by the peak at 32. As can be seen in
ig. 6, when TMA  is fed to the reactor, the gas phase species from
he first half of reaction (reaction of TMA  with active sites) are
ery similar to the reaction products observed during the reaction
1). Chemisorption of TMA  on the surface of titania nanoparti-
les leads to release of methane during dosing of TMA  therefore
ethane is observed to increase linearly with time. Only after the

eaction is nearly complete throughout the bed, the peak of gen-
rated methane begins to level off and the breakthrough of TMA
s observed. Methane can be detected in Fig. 6 during exposure of
oth TMA  and ozone. Carbon dioxide and its fragmentation product
O are released only during the ozone half reaction as can be seen

n reaction (9).
During the second half of reaction (reaction (9)), ozone reacts

ith AlCH3* species and methoxy (AlOCH3*), formate (Al(OCHO)),
arbonate (Al(OCOOH)) and hydroxyl (AlOH) groups are formed
y insertion of an oxygen atoms into the Al C and C H bonds.
ethoxy group is stable only at low temperature and formate

pecies are formed by combining two methoxy groups with each
ther. This reaction is also the source of methane which was
etected by mass spectrometry. Further oxidation of the formate
roup yields carbonate group and its decomposition releases CO
nd CO2 species. In fact, formate and carbonate species release CH4,
O and CO2 to produce AlOH* species. Water is another byprod-
ct during ozone pulse in TMA-ozone ALD process which is a very

mportant species from the technological point of view [65].
Water is an important species whose presence should be inves-

igated as a reaction byproduct during the ozone half reaction.
ater can affect conformity of the film on nanoparticles, e.g., if
ater is formed during the ozone half reaction and the purging

etween TMA  and ozone is insufficient, growth due to chemical
apor deposition type can lead to thickness non-uniformity [65].
hus, existence of this byproduct was checked during the ozone

alf reaction as shown in Fig. 7. It can be seen in this figure that no
ater was detected by the mass spectrometer during ozone expo-

ure. As reported by Rose et al. [65], detection of water depends
n the reactive surface area and the ozone concentration. If these
Ozone ALD on TiO2 P25.

were high, detection of water as a byproduct of TMA/O3 ALD would
be possible. In fact, at high concentration of ozone, the surface con-
sists of some chemisorbed active oxygen and −OH groups, leading
to the release of water in the ozone pulse. In addition, intensity of
the water signal increases in the high substrate surface area. Then,
there would be few chemisorbed active oxygen on the surface of
substrate at low concentration of ozone and existing H2O is also
consumed by producing OH terminated surface [59].

More work should be done for investigating the formation of
water at other temperatures. The same reaction products were sug-
gested in the mechanism proposed by Goldstein et al. [59] who
studied ALD of Al2O3 on ZrO2 particles using sequential exposures
of TMA  and ozone. The data obtained in this work suggest that ALD
in a fluidized bed reactor can be carried out in a manner that no
precursor is wasted. The similar phenomenon was observed in the
second cycle.

3.2. Quality of coating

3.2.1. Alumina coating on titania nanoparticles with
TMA-water/deuterium oxide

Fig. 8a–c show TEM images of titania particles coated by alumina
with TMA-water after 4, 7 and 10 ALD cycles. The film thickness
was measured at a number of locations (20 locations in 4 cycles,
15 locations in 7 cycles and 15 locations in 10 cycles) to deter-
mine the conformity of Al2O3 coating on TiO2 nanoparticles. The
deposited amorphous alumina layer can be easily distinguished
from the crystalline titania substrate in these figures. The average
GPC was measured from TEM images as 0.17 nm for 4 and 7 cycles,
and 0.14 nm for 10 cycles. The average GPC for these three tests
is about 0.16 nm which is close to the previously reported value
[19]. The film thickness calculated using the mass fraction of alu-
mina from the equation suggested by Valdesueiro et al. [19] and
also measured by INAA support the value obtained from the TEM
images. Density of alumina for evaluating the thickness by equation
of Valdesueiro et al. [19] was  considered to be 3000 kg/m3 which is
typical for Al2O3 ALD at 177 ◦C [19]. The average GPC was estimated
to be ∼0.17 nm based on this method which indicates a linear cor-

relation between the number of cycles and the film thickness from
INAA. Mass fraction of aluminum measured by INAA analyses as
well as the volume of alumina film and the film thickness obtained
by INAA measurements for alumina ALD using TMA-Water on tita-
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Fig. 7. Mass spectrum of TMA-Ozone ALD on TiO2 P25 during ozone half reaction.

Fig. 8. TEM images of the alumina film deposited on titania nanoparti

F
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ig. 9. Comparison of the alumina film thickness measured by TEM and INAA after
,  7 and 10 cycles of alumina ALD using TMA-water on TiO2 P25.
ia nanoparticles are listed in Table S3 (Supplementary Information
3).

Comparison of the film thickness measured by TEM and INAA
s shown in Fig. 9. As can be seen in this figure, the thickness of
cles using TMA-water after (a) 4 cycles (b) 7 cycles (c) 10 cycles.

alumina film from TEM images are in reasonable agreement with
those measured by INAA. The error bars in Fig. 9 indicates the error
in the measurements obtained from the propagation of the uncer-
tainty and calculated from the formula suggested by Valdesueiro
et al. [19].

EDX analysis was  conducted to determine which elements are
present on the surface of the substrate. In Fig. 10 elemental maps
of O, Ti and Al are shown of part of a coated particle form the 10-
cycle experiment on the support foil as well as the ADF image of
the scanned area. The edge of the particle shows excess of Al com-
pared to the interior of the particle. This is even more evident when
more particles are mapped as in Fig. S8 (Supplementary Informa-
tion) and is consistent with a TiO2 core/Al shell structure. Note that
the width of the edge with excess Al content is from a projected
structure. Hence, an inclined edge, i.e. partly not parallel to the
electron beam, will exaggerate the width. In addition, X-rays and
secondary electrons generated by the electron beam positioned in
the core will generate some Al X-rays, again exaggerating the shell
width compared to the values measured in the TEM images like
Fig. 8. In Fig. 10 a comparison is made between the EDX spectra for

two locations on the particle: the edge and the bulk as indicated
in the ADF of Fig. 10. The Cu L-lines are from secondary electrons
(generated by the electron beam) hitting the copper grid that holds
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ig. 10. EDX spectra and EDX mapping from a coated particle after 10 cycles of alum
rom  the interior and the edge of the particle as indicated by the dashed and dotted 

egend, the reader is referred to the web version of this article.)

he carbon support foil that the particles were placed on it. The Si
ines are caused by an impurity on the support foil always present
n the grids purchased from Quantifoil. As can be seen, the Al line
n the spectrum from the edge of the particle (red line) is higher
han the Al line in the spectrum form bulk of the particle (solid yel-
ow). This confirms that the Al coat is formed on the surface of the
article. For the same reason, the intensity of Ti line in the bulk of
article is larger than that from the edge. The Al peak in the bulk
pectrum is related to the coating on surfaces perpendicular to the
lectron beam.

Similar results were obtained when using deuterium oxide
nstead of water. TEM images of the Al2O3 coated titania nanopar-
icles with TMA-deuterium oxide are presented in Fig. S4 (a)-(c)
Supplementary Information S3) which provide visual confirma-
ion of presence of Al2O3 film on the particle surface. The GPC at a
umber of points and particles (33 location in 4 cycles, 37 location in

 cycles and 20 location in 10 cycles) were measured and compared
ith those measured by mass fraction of aluminum from INAA to

upport the results obtained from the TEM images which can be
een in Table S4 (Supplementary Information S3). Comparison of
he film thickness measured by TEM images and INAA is shown in
ig. S5 (Supplementary Information S3) which shows a good agree-
ent between the thicknesses determined by these two  methods.
lso, mass fraction of aluminum measured by INAA, volume of film
nd GPC of this measurement for 4, 7 and 10 cycles are listed in
able S4 (Supplementary Information S3).

To determine the elemental composition at the surface of the
ubstrate, EDS analysis was carried out. Fig. 11 shows the Ti and Al
resence in the same elemental map, next to the ADF image of a

roup of particles. In the lower right corner some particles overlap
eading to an increase of intensity for Ti. Fig. S8 (Supplementary
nformation S3) shows the Al, Ti and O maps separately.
LD using TMA-water. The solid yellow spectrum and the red outlined spectrum are
respectively in the ADF. (For interpretation of the references to colour in this figure

Fig. S6 (Supplementary Information S3) compares the EDX  spec-
tra at two locations (edge and bulk) of a particle taken from the 10
cycle experiment. Similar results were obtained when using deu-
terium oxide instead of water. Same results can be seen for HRTEM
image shown in Fig. S7 (Supplementary Information S3) which indi-
cates atomic percent of Al increases from 3 on the bulk to 26 on the
edge of particle.

To indicate the importance of purging time in conformity of
coating and GPC, a set of experiments were performed at excess
dosing time of TMA  and deuterium oxide (10 times the ideal dos-
ing time). Figs. S9 (a)–(c) (Supplementary Information S3) show
TEM images of titania particles after alumina coating with TMA-
deuterium oxide for 4, 7 and 10 ALD cycles, respectively. The film
thickness at a number of particles (17 location in 4 cycles, 33
location in 7 cycles and 9 location in 10 cycles) was measured to
determine the conformity of Al2O3 coating on TiO2 nanoparticles.
Mass fraction of aluminum measured by INAA, volume of alumina
film and film thickness calculated from the INAA measurements for
this set of experiments are given in Table S5 (Supplementary Infor-
mation S3). The film thickness in this case is slightly more than
those conducted when using optimum dosing time and also the
uniformity in this case is less than the previous case. However, the
average GPC in this set of experiments is about 0.16 nm which is
close to that reported by Valdseruio et al. [19] for alumina coating.
The GPC determined from TEM images and INAA are compared in
Fig. S10 (Supplementary Information S3). As can be seen in this fig-
ure, there is a discrepancy between the GPC of alumina film from
TEM images and those from INAA. This can be attributed to using
different oxidizers which may  lead to a different alumina density

than the assumed value of 3000 kg/m3 which affect the calculated
film thickness by INAA. Fig. S11 (Supplementary Information S3)
shows the EDX elemental mapping and a line scan across the edges
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Fig. 11. a) ADF image of a group of particles (10 cycles of alumina ALD using TMA- deuterium oxide on TiO2 P25) suspended above a hole in the supporting carbon foil. b)
Overlapping elemental maps from STEM EDX for Al (blue at the edge) and Ti (red in the interior) next to the ADF image of the mapped area on the left. (For interpretation of
the  references to colour in this figure legend, the reader is referred to the web  version of this article.)

one on titania nanoparticles after (a) 4 cycles (b) 7 cycles (c) 10 cycles.
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Fig. 12. TEM images of the alumina layer deposited using TMA-oz

f particles for alumina ALD with excess TMA  and 7 min  purging
ime. Similar results to Fig. 10 can be seen in this figure.

.2.2. Alumina coating with TMA-ozone
Figs. 12(a)–(c) show the alumina layer deposited on the surfaces

f primary titania nanoparticles using TMA-ozone. The amorphous
lumina film can be easily distinguished from the highly crystalline
itania substrate. The thickness of the alumina film at a number
f locations and particles (10 locations in 4 cycles, 16 locations in

 cycles and 22 locations in 10 cycles) was measured and com-
ared with those from INAA, as can be seen in Fig. 13. This figure
emonstrates that there is a reasonable agreement between these
wo measurements. Aluminum mass fractions measured by INAA
s well as the GPC measured by INAA are listed in Table S6 (Supple-
entary Information S3). The GPC calculated from mass fraction of

luminum (INAA) results in a GPC of about 0.12 nm which is slightly
reater than that observed in TEM images which is about 0.11 nm.
his GPC is less than the that of alumina film when using water and
euterium oxide as oxidizer.
Fig. 14. shows EDX line and mapping of the surface of particles
fter 10 cycles of alumina ALD using TMA-ozone. The image with
ectangle shows the area where the elemental maps were taken.
ormation of alumina layer can be easily seen in this map  (blue
Fig. 13. Comparison of the film thickness measured by TEM images and INAA anal-
ysis  after 4, 7 and 10 cycles of alumina ALD using TMA-ozone on TiO2 P25.
shell of alumina). Also, line scan across the alumina layer can be
seen in this figure. The line scan shows the thickness is ∼1.2 nm
which is close to the value obtained from TEM images which can
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Fig. 14. ADF image and EDX maps from part of a titania particle suspended 

e seen in Fig. 13. Note carbon contamination at the edge of the
article is present caused by the electron beam during scanning.

Comparison of measured film thickness from TEM images and
hose from INAA for different oxidizers are presented in Fig. 15 (a)
nd (b). It can be seen in these figures that the film grows linearly.
hickness of the alumina layer formed by ALD of TMA-ozone is less
han that of other oxidizers. Alumina ALD with TMA-water is based
n acid-base reactions in which H+ from OH group combines with
CH3)− to form CH4, while Al and O bond together to form Al2O3
roduct on the surface (reaction (3)). Consequently, the growth rate

s higher as more H+ becomes available. In fact, as shown by Elliot
t al. [71,72], the GPC scales linearly with the amount of H+ (i.e.,
H groups). It should be noted that the different co-reagents may

ead to different densities of films which means that the thickness
hange per cycle may  not exactly reflect the mass change per cycle.

As a co-reagent, water can deliver as much H+ as needed, saturat-
ng the surface with OH groups and providing the maximum surface
overage of H+ at a given process temperature. This obviously leads
o a greater GPC for water when compared to ozone as the oxidizing
gent. Although no mechanism has been proposed for the reac-
ion yet, it can be said that H2O adsorbs onto under-coordinated
l atoms and dissociates, donating H+ to nearby O or CH3 groups
hich the latter is desorbed as CH4. Water continues to adsorb onto

lumina and dissociate until the saturating coverage on alumina at

he process temperature is reached. This results in a higher cover-
ge of surface by OH, leading to a greater GPC. The higher GPC for
lumina ALD using water as the co-reagent than ozone as oxidizer
as been reported in literature [66,71]. Ozone oxidizes CH3 groups
 a hole in the support foil, after 10 cycles of alumina ALD using TMA-ozone.

on the surface, producing various volatile products (CO2, CO, H2O,
etc.) plus an OH group on the surface (reaction 9). As a simple rule,
each CH3 group oxidizes to one OH group. The amount of H+ (i.e.,
OH groups) is, therefore, limited by the amount of CH3 saturating
the surface in the previous pulse. CH3 is quite a bulky ligand and
steric hindrance caused by CH3 ligands can shield parts of the sur-
face from being accessible to the precursor. This means that the OH
coverage is low and consequently, the GPC of alumina in case of
ozone as oxidizer is less than that of water.

Another point in Fig. 15(b) is that in the case of using excess pre-
cursor (10 times the ideal dosing time), the film thickness is greater
than in other cases. This can be attributed to the issue that the purg-
ing time in case of excess dosing has not been enough to evacuate all
unreacted molecules. This purging time was set to about 13 times
the residence time of the gas in the reactor [19]. Due  to insufficient
purging time in this set of experiments, unreacted molecules were
accumulated on the surface of the particles, resulting in occurrence
of slight parasitic chemical vapor deposition (CVD) reaction and a
greater GPC. This unwanted reaction can result in an alumina layer
with different density than the assumed 3000 kg/m3 which affects
calculation of the film thickness from mass fraction of aluminum
measured by INAA. However, the film thickness and GPC for this
case are still in the range of ALD and it seems that the unwanted
reactions were not too problematic. These results show the advan-

tage of using mass spectrometry to determine exact dosing time of
the precursor to avoid undesired reactions during the deposition
process.
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Fig. 15. Alumina film thickness on TiO2 P25 against number of

When using deuterium oxide or water, the coated particles
xhibit a blue color. This can be attributed to reduction of Ti4+ to
i3+ cations because Ti3+ ions are origin of blue coloration. When

sing ozone in the subsequent pulse, oxidation would remove the
lue color, whereas H2O and D2O are not strong enough oxidizing
gents to do this and the blue color persists. This change in the color
f particles to blue and green was also reported by King et al. [73].
 for different oxidizers measured from a) TEM images b) INAA.

3.2.3. BET measurements
The surface area of five particle samples, including bare titania

and coated after 10 cycles using different oxidizers, were mea-

sured with the BET method. The coated samples showed similar
adsorption and desorption isotherms as shown in Fig. S12 (Sup-
plementary Information S4). Since there is no significant hysteresis
in the isotherm of coated samples, it can be concluded that either
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icles after 10 cycles of alumina ALD using different oxidizers.
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Fig. 16. XRD spectra of uncoated and coated titania part

here are no pores in the films or the pores have a small volume.
t should be noted that no pores were visible in the TEM images.
imilar results were reported by Valdesueiro et al. [19].

Although the surface area decreases during the coating process,
his variation cannot be attributed to agglomeration of nanoparti-
les. If agglomerates are coated as a whole, the equivalent particle
iameter of the coated material would be close to the agglomer-
te size (in order of micro meters) and a drastic decrease in the
pecific surface area of the powder should be observed. The results
btained from high resolution TEM, STEM and EDX mapping (e.g.,
igures (8) and (S8) (Supplementary Information S3)) show that the
oating was applied on the primary particles rather than agglomer-
tes. This can be also confirmed by evaluating the size of particles
ased on the BET measurement. The equivalent particle diameter
dBET) can be obtained from the specific surface area [74]:

BET = 6000
�SBET

(10)

Measured surface area and particles diameters of coated
articles using BET are presented in Table S7 (Supplementary Infor-
ation S3). According to this table, the surface area of coated

anoparticles has decreased compared to the uncoated samples
nd the equivalent particle diameter has increased slightly after
oating. Decrease of the specific surface area of particles after coat-
ng can be attributed to increase in the size of titania nanoparticles
ue to alumina coating and also decreasing of the core-shell particle
ensity.

.2.4. XRD analyses
Fig. 16 shows XRD spectra of bare titania and the samples coated

fter 10 cycles using different oxidizers. These spectra are all the

ame which means that there is no change in the crystalline struc-
ure of the base material after formation of Al2O3 layer. Similarity
f XRD spectra of coated and uncoated materials was  expected
ince the alumina coatings are amorphous. Also, TEM images (e.g.,
Fig. 17. Fourier transform infrared spectra of uncoated and coated titania nanopar-
ticles after 10 cycles.

Figs. 8 and 12) show that amorphous alumina layer has been
deposited on crystalline titania nanoparticles. Previous studies also
confirm the amorphous nature of alumina films deposited by ALD
[22].

3.2.5. FTIR analyses
FTIR spectra of coated and uncoated titania particles are shown

in Fig. 17. The vibrational modes of amorphous alumina film and
Ti–O bond are located at frequency range of 850–1050 cm−1 [11]
and 800–980 cm−1 [75], respectively. Intensity of the peak related
to Ti–O bond is attenuated for the coated sample with deuterium
oxide, water and ozone when compared to the bare titania. The
intensity is less when ozone was  used as the oxidizer. This can be
attributed to the fact that a thicker film leads to more attenuation in

the intensity of the peak related to Ti–O bond. Fig. 17 also demon-
strates that there is a vibrational mode around 1500 cm−1 for the
sample coated with TMA-ozone. This new absorbance feature is a
characteristic of formate and carbonate groups on the Al2O3 layer,
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ig. 18. RhB concentration in photocatalytic tests as a function of UV irradiation
ime for alumina ALD film with TMA  and different oxidizer at different cycles a)
ater b) ozone.

ormed according to reaction (9). The absorption features located
t 1388 and 1597 cm−1 correspond to O C O modes of vibration
f formate species. Presence of formate groups on the surface was
onfirmed by Goldstein et al. [59] after exposure of ozone on the
irconia substrate. The peak around 1650 cm−1 shows that water
s adsorbed on the sample. This peak disappears if the sample is
eated or dry air is used.

.3. Passivation effect of alumina ALD films

Titania is not only widely used as the white pigment in indus-
rial applications, but is also a well-known UV-activated oxidation
atalyst which degrades the polymer surrounding the pigment. To
nsure that the photo catalytic activity of the pigment is decreased,
ormation of free radicals should be prevented. This can be achieved
y preventing photo-generated electrons and holes from reaching
he titania particle surface. Establishing an ultrathin film coating on
itania particle is a suitable approach to decrease the photoactiv-
ty of titania nanoparticles. Coating with 3–5 wt% alumina is widely
sed in industry for preventing photocatalytic activity of these par-
icles.

Fig. 18(a) and (b) demonstrate the photocatalytic activity of
lumina-coated titania nanoparticles, measured by degradation of
hodamine B under ultraviolet irradiation. Photocatalytic activities
f titania nanoparticles having different thicknesses of deposited

lumina film using TMA  and various oxygen sources are shown
n these figures. The self-degradation of RhB was about 7%. The
elative concentration of RhB in the solution decreases exponen-
ially with the UV irradiation time and RhB can be degraded
Science 426 (2017) 480–496

completely by TiO2 after about 20 min. In contrast, coated TiO2 par-
ticles showed mitigated photoactivity with increasing the coating
thickness. For example, Fig. 18(a) shows that in the presence of par-
ticles coated with TMA-water, the relative concentration reached
0.45, 0.78 and 0.90 for 4, 7 and 10 ALD cycles, respectively, after
100 min. UV irradiation. Similar results can be reached when using
TMA-deuterium oxide for ALD, as shown in Fig. S13 (Supplemen-
tary Information S4). Fig. 18 (b) demonstrates that the deactivation
is less when using ozone as the oxidizing agent. The reason is the
lower film thickness when ozone is used (see Fig. 15a) which results
in lower deactivation of the particles when compared with water
as co-reactant. As can be seen in Fig. 18b, the photocatalytic activ-
ity of nanoparticle hardly changes with the number of ALD cycles.
Since Al2O3 has a high band gap, if the Al2O3 layer is thick enough,
electrons and holes in TiO2 cannot pass through the alumina film
to reach the surface of particle, and the photocatalytic activity is
suppressed. The alumina thickness in the case of 7 and 10 cycles
ALD using TMA-O3 is less than 1 nm which is not thick enough to
completely block the transfer of electrons and holes.

4. Conclusions

Aluminum oxide film was deposited on titania nanoparticles at
180 ◦C and 1 bar in an ALD fluidized bed reactor. Real time anal-
ysis of effluent gases from the reactor during each reaction cycle
was conducted using an online mass spectrometer. Optimum dos-
ing time of precursors was determined based on breakthrough of
precursors in the mass spectrum. Different oxygen sources (water,
ozone and deuterium oxide), in combination with TMA, were uti-
lized to check which one provides the highest alumina GPC. Using
either water or deuterium oxide as the oxygen source resulted in
formation of a thicker alumina film on titania particles compared
to ozone. Breakthrough of the TMA, which takes place nearly at the
time of breakpoint of the methane signal, shows saturation of sub-
strate surface with TMA. Similar to water breakthrough, the D2O
breakthrough does not take place at the maximum of the product
signal (here, CH3D) and does not increase until the CH3D signal has
considerably dropped. In the ozone half reaction, ozone oxidizes
CH3 group on the surface, producing various volatile products (CO2,
CO, CH4, etc.) plus an OH group on the surface of the substrate.
Average GPC measured by TEM was  about 0.16 nm,  0.15 nm and
0.11 nm,  respectively, in the ALD of TMA  using water, deuterium
oxide and ozone as the oxygen source. The average GPC measured
by INAA was  close to those measured by TEM. Formation of alu-
mina film was confirmed using results obtained by EDX mapping
and line for area of particles, XRD and FTIR. Results obtained by
BET showed that the alumina film was formed on individual pri-
mary titania nanoparticles, rather than on agglomerates. FTIR also
showed presence of formate groups on the surface of coated par-
ticles in the case of ozone exposure. Coated TiO2 particles showed
mitigated photoactivity with increasing the coating thickness. For
example, for particles coated with TMA-water, the relative con-
centration reached 0.45, 0.78 and 0.90 for 4, 7 and 10 ALD cycles,
respectively, after 100 min  of UV radiation
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