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Abstract

In this study, we report a general strategy to synthesize Fe single-atom catalysts (SACs) on various
substrates (e.g., multi-walled carbon nanotubes, SiO2, and Ti02) with high Fe loading (> 1.5 wt.%)
by atomic layer deposition (ALD) through optimization of ferrocene (Fe precursor) dose time.
Fe/S10; and Fe/Ti02 SACs were used for CO oxidation reactions and catalytic degradation of a
methylene blue (MB) solution, respectively. Compared with reported iron oxide catalysts, the
efficiency of Fe/SiOz for CO oxidation was more than two orders of magnitude higher than the
reported values. The photocatalysis experiment demonstrated that TiO> nanoparticles, deposited

with two cycles of Fe ALD, showed the highest activity and had a more than six-fold photocatalytic
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activity enhancement over pure TiO> for the degradation of MB. This universal method, optimized

Fe ALD, expands the potential applications of Fe SACs on different substrates.

Keywords Iron, Single-atom catalyst, Atomic layer deposition, CO oxidation, Photocatalytic

degradation

1. Introduction

Recently, metal single-atom materials have become to the forefront of international scientific
research, within the field of a new hot spot, due to their unique properties and great potential for a
variety of applications, especially in catalysis.!'!® However, single atoms are too mobile on
supports since the surface free energy of metal increases dramatically when the metal particle size
reduces to single-atom level.! Thus, the metal single atoms are easy to sinter and aggregate during
drying or calcination in the synthesis process, and it is a primary challenge to synthesize single-
atom catalysts (SACs) with a high enough loading content for practical applications.

During the past few years, some studies have focused on the synthesis of single-atom materials
and several new methods have been reported, including taking advantage of the unique properties
of supports (e.g., photocatalysis of TiO, and defects of graphene),> 7> !"!*> and enhancing metal-
support interactions (e.g., Pt-CeOa, Pd-C3Ns, and Au-zeolite). % 1 In these methods, specific
substrates need to be chosen, since strong interaction between metal single atoms and substrates is
needed to prevent movement of single atoms on the substrates during preparation. Accordingly,
though most of these SACs present excellent catalytic performance in various applications, the
specific supports used for these methods limit the expansion of their applications. Moreover, the

synthesis and applications of transition metal (e.g., Fe,> ! 1618 Co,!2? and Ni** >*) SACs have



attracted increasing attention due to their low cost and activity that are comparable to that of noble
metal catalysts. They have been used in catalytic oxidation, oxygen reduction reaction, and CO;
reduction reactions.

Herein, we report a general atomic layer deposition (ALD) strategy to deposit well dispersed
Fe single atoms on various substrates (e.g., multi-walled carbon nanotubes (MWCNTs), SiO», and
Ti0O2) with a high Fe loading of up to 1.78 wt.%, and describe the investigation of their catalytic
performance in CO oxidation and degradation of methylene blue (MB). ALD is a surface
controlled layer-by-layer gas phase coating process based on self-limiting surface reactions.?> 26
Pt and Pd SACs have been successfully deposited on graphene by using ALD.!" 1 In this study,
through optimizing the dose time of ferrocene (Fe(Cp)2, precursor of Fe) and the number of Fe
ALD cycles, we deposited Fe single atoms on different supports via Fe ALD. All prepared Fe
samples are named and listed in Table S1. The formation of Fe single atoms was verified by X-
ray absorption spectroscopy (XAS) and high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM). The activities of Fe/SiO> and Fe/TiO» catalysts were
evaluated by CO oxidation reactions and catalytic degradation of a MB solution under UV light,
respectively, as two examples of the applications of Fe SACs. The results showed that 25¢c-Fe/Si0:
SAC was much more active than the reported iron oxide catalysts, and the 2c-Fe/Ti02 sample had
a more than six-fold photocatalytic activity enhancement over pure TiO2 for the degradation of

MB.

2. Experimental

2.1. Catalysts preparation



Fe single atoms were deposited on MWCNTs (US Nano Inc), SiO> nanoparticles (NPs, 20-30 nm,
US Nano Inc), and TiO2 NPs (DT 51, 100% anatase, ~80 m?/g, Cristal Inc) by ALD using ferrocene
and hydrogen (Hz, 99.9%, Airgas) as precursors in a fluidized bed reactor, as schematically shown
in Figure S1. The reactor is described in detail elsewhere.?”?® All of the chemicals were used, as
received, without any treatment. For a typical cycle, 5 g of substrate were loaded into the reactor.
The reaction temperature was 400 °C. Before a reaction, the substrates were degassed at 150 °C
for 10 hr. During the ALD process, the solid ferrocene (~ 0.2 g) was loaded into a heated bubbler
(115 °C) and carried by nitrogen (N2, 99.9% Airgas) into the reactor. Fe(Cp). and H> were fed
separately through a distributor plate. The particle substrates were fully fluidized, with the gas
flow rate controlled by mass flow controllers. The reactor was also subjected to vibration from
vibrators to improve the quality of particle fluidization during the ALD coating process.?3° N,
was used as a flush gas to remove unreacted precursors and any byproducts during the reaction. A
typical coating cycle involved the following steps: ferrocene dose, N> purge, evacuation; H> dose,

Nz purge, evacuation. The proposed two half-reactions are presented in Scheme 1.
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Scheme 1. Reaction scheme for Fe ALD half-reactions.



In order to compare the activity of Fe/SiO> SACs with iron oxide catalysts (Fe203), a
Fex03/S10,2-IW catalyst was prepared by an incipient wetness technique (impregnation method) as
a reference.’! First, Fe(NOs); was dissolved in distilled water and, then, SiO> NPs were added to
the solution. After the solution was dried at 100 °C for 12 hr, the particles were calcined in air at
400 °C for 5 hr, and the Fe>O3/S10,-IW catalyst was obtained. The Fe loading amount was 1.5

wt.%., and the catalyst was used for CO oxidation reaction directly.

2.2. Characterizations

The Fe mass fractions of prepared Fe samples, with different Fe ALD cycles, were measured by
inductively coupled plasma atomic emission spectroscopy (ICP-AES). The Fe supported on
MWCNTs, SiO2, and TiO2 NPs were directly observed by FEI Tecnai F20 high-resolution
transmission electron microscopy (TEM) at 200 kV. High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) analysis, operated at 100 kV, was performed
using Nion UltraSTEM 100. X-ray absorption spectroscopy (XAS) was applied to verify the
composition of Fe on the MWCNTs, SiO; and TiO2 NPs. X-ray photoelectron spectroscopy (XPS)
analysis was performed for 25c-Fe/SiO; samples before and after CO oxidation reactions. The
crystal structures of Fe/Ti102 and 25¢c-Fe/Si0; samples before and after CO oxidation were detected
by X-ray powder diffraction (XRD). The Raman spectra of TiO2 and Fe/TiO2 samples were
collected using a Horiba-Jobin Yvon LabRam spectrometer, and the photoluminescence (PL)
spectra of TiO; and Fe/TiO, samples were recorded with a HORIBA FL3-22 spectrometer
(HORIBA, Edison, NJ) to investigate and determine the recombination of photo-generated e/h"
pairs in the samples. UV-visible diffuse reflectance spectra (DRS) of Fe/TiO; samples were

obtained with a UV-visible spectrophotometer (Varian Cary 5), and BaSO4 was used as an



absorbance standard in the UV-visible absorbance experiment. The details of characterization are

described in Supporting Information (SI).

2.3. CO oxidation reaction

The CO oxidation reactions were performed in a fixed bed quartz reactor with quartz wool
supporting the catalysts. In a typical run, 50 mg samples were used in each reaction. A gas mixture,
with 2 mL/min (sccm) CO, 2/10/20 sccm O», and rest of N», was introduced into the reactor for
CO oxidation reaction. The total flow rate was 50 sccm. Reaction temperatures ranged from 200 °C
to a temperature at which the CO conversion reached 100%. Reaction products were analyzed by
an online gas chromatograph (SRI 8610C), equipped with a 6-foot HAYESEP D column, a 6-foot
molecular sieve 13X column, and a FID detector. After reaction, the catalyst was directly used for
the following cycling tests, when applicable. In addition, in order to verify the long-term stability
of the Fe/Si0; sample, the CO oxidation reaction over 25c-Fe/Si02 (50 mg) was carried out for
more than 400 hr at 550 °C. The Fe;03/Si102-IW catalyst was also used in CO oxidation, as a

reference.

2.4. Photocatalytic activity measurement
MB solution was used to evaluate the photocatalytic activities of pure TiO2 and Fe/Ti0: particles,

as previously described in detail.*

Briefly, 0.1 g of sample was added in a 100 mL, 10 ppm MB
solution. First, the suspension solution was stirred in the dark for 60 min to achieve

adsorption/desorption equilibrium. Then, a UV lamp was used for 360 nm of UV irradiation, and

~1 mL test samples were taken, at certain time intervals, from the main solution for analysis at a



664 nm wavelength. Changes in the concentration of MB in the main solution were recorded over

a period of reaction time.

3. Results and discussion

First, different cycles (2-10 cycles) of Fe ALD were deposited on 3 g of MWCNTs in a fluidized
bed reactor (schematically shown in Figure S1) using ferrocene (Fe(Cp)2) and H; as precursors (all
sample names are listed in Table S1). The dose time of Fe(Cp). was 300 s. As shown in Figures
la and S2, some bright dots of atomic size that were scattered on MWCNTs after ten Fe ALD
cycles, are highlighted by the yellow circles. Each dot representes an individual Fe atom, which
proves that Fe single atoms were deposited on MWCNTs successfully with 0.36 wt.% Fe loading,
as determined by ICP-AES (Figure S3a). Then, 1-15 cycles of Fe ALD were applied on 3 g of
TiO2 NPs, using the same dose time (300 s) of Fe(Cp).. The Fe content was up to 1.78 wt.% in
15¢c-Fe/TiO> samples (Figure S3b). As presented in Figure 1b, several bright dots that were
observed on TiO2 NPs, after 15 cycles of Fe ALD, indicated the formation of Fe single atoms on
TiO2 NPs. It is also noted that the Fe content in the Fe/TiO; particles increased almost linearly with
an increase in the number of ALD cycles after 15 cycles of Fe ALD, which indicated that the Fe
deposition was uniform in every ALD cycle (Figure S3b). Fe single atoms were also deposited on
SiO2 via ALD to prove that Fe ALD is a universal method to synthesize Fe SACs on various
substrates. As presented in Figure 1c, there are no Fe NPs observed on SiO2 NPs after 25 cycles
of Fe ALD, with 1.49 wt.% Fe (Figure S3c), which indicate the formation of Fe single atoms on
SiO; NPs. In contrast, when the Fe(Cp). dose time increased to 600 s, Fe NPs were formed on
SiO2 NPs, after only five cycles of Fe ALD, and the average particle size of Fe NPs was around

1.5 nm, as shown in Figure 1d.



Figure 1. HAADF-STEM images of (a) 10c-Fe/MWCNTs and (b) 15¢-Fe/TiO2, and TEM images

of (c) 25¢-Fe/Si02 and (d) 5¢-Fe/S102-600s samples.

In order to further verify the formation of the Fe single-atom structure, XAS analyses were
conducted for Fe/MWCNTs, Fe/Ti02, and Fe/SiO2 samples. As shown in Figure 2a, the Fe K-edge

of X-ray absorption near the edge structure spectroscopy (XANES) in Fe/MWCNTs, Fe/Ti02, and



Fe/S10, samples exhibited a near-edge structure similar to that of the Fe>Os, but it was very
different from those of Fe foil and FeO, indicating that Fe was a single atom and oxidized upon
air exposure. After fitting and calculating, both samples were oxidized to the extent of a mixture
of ~85% Fe*" and ~15% Fe®" (Table S2). Extended X-ray absorption fine structure spectroscopy
(EXAFS) of the Fe K-edge showed that there was only one notable peak in the region of 1 to 2 A
from the Fe-O contribution, and no peak in the region of 2 to 3 A from the Fe-Fe contribution,
confirming the sole presence of dispersed Fe atoms in all Fe samples (Figure 2b). These results
indicated that Fe single atoms would form with a short Fe(Cp)2 dose time, but if the dose time was
extended, Fe NPs would form on the substrates instead of single atoms. It could be explained that
when more Fe(Cp)2 molecules entered the ALD reactor with a longer Fe precursor dose time, there
was a higher possibility of the formation of Fe NPs in each Fe ALD cycle, which could be changed
from Fe single atoms. So Fe(Cp)2 dose time played an important role in the formation of Fe single

atoms during the ALD process.
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Figure 2. (a) Fe K-edge XANES (7.0-7.7 keV) and (b) Fourier transformed (FT) k3-weighted y(k)-
function of EXAFS spectra of 10c-Fe/MWCNTs, Fe/TiO> and Fe/SiO, samples in comparison to

Fe foil, FeO, and Fe>0s.

ALD is a surface-controlled process based on self-limiting surface reactions. Through making
use of the unique advantage of ALD, Fe single atoms are deposited on MWCNTs, SiO», and TiO>
by controlling the Fe(Cp). dose time. Therefore, Fe ALD has been demonstrated to be a general
method that can be used to preparare Fe single-atom materials on various supports, including
inorganic non-metallic materials, metal oxides, and carbon materials. In comparison to other
methods (e.g., pyrolysis and ionic exchange),** our results indicate that there is no limitation of
supports when ALD is used for Fe SACs preparation.

The catalytic activity of Fe/SiO2 SACs was evaluated by CO oxidation reaction. Figure 3a
presented the effect of different CO/O2 molar ratios on CO oxidation over the 25¢-Fe/Si0> catalyst.
With an increase in the Oz flow rate, CO conversion reached 100% in a lower temperature. The
temperatures for 100% conversion were 570 °C, 460 °C, and 410 °C, with a CO:0O; ratio of 1:1,
1:5, and 1:10, respectively. This indicates that a CO molecule contacted and reacted with O, on
the surface of Fe single atoms more easily when the O concentration in the gas stream was higher.
Generally, catalytic activity is evaluated by turnover frequency (TOF), which is related to the metal
dispersion of catalysts. Since the 25¢c-Fe/SiO» was a single-atom catalyst, the Fe dispersion was
assumed to be 100%. Thus, the TOF was 0.67 min"' when the CO conversion reached 10%, with
a CO:0z ratio of 1:10 at 360 °C. Compared with the reported Fe,Os catalysts,>*3® the specific rate
of 25¢c-Fe/Si02 (46.30 mLco gre's™!) was more than two orders of magnitude higher than the

reported values (Table S3) and, therefore, our 25¢c-Fe/Si10; catalyst is much more efficient than
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other Fe-based catalysts in the reaction of CO oxidation. This could be due to the fact that each Fe
atom worked as an active site for the 25c-Fe/Si0; catalyst and, thereby, the catalytic eficiency
increased greatly. Generally, for CO oxidation, the Langmuir-Hinshelwood (LH) mechanism and
Eley-Rideal (ER) mechanism are two common reaction mechanisms. According to previous
theoretical study,* the CO oxidation by adsorbed Oz on Fe single atom catalysts prefers to perform
via the ER mechanism since the energy barrier is low through density functional theory (DFT)
calculations. Thus, in this study, first O> molecules were adsorbed on Fe single atoms and activated,
i.e., the adsorbed atomic O, then CO molecules reacted with them and produced CO». The two
reaction steps are involved as follows: *°

O2(ad) + COeas) — Oad) + Ofad) + CO(gas) — Ofad) + CO2(gas) (D
COfgas) + Oad) — CO2(gas) )
When the concentration of Oz in the gas stream was high, more O could be used for CO oxidation
and more Fe single atoms would be used to catalyze CO oxidation. Thus, 100% of CO conversion
was achieved at a relatively low temperature with the CO:O; ratio of 1:10, as shown in Figure 3a.
In comparison, the catalytic CO oxidation utilizing Fe>O3 can be divided into two steps. First,
Fe»0s loses one oxygen atom and catalyzes CO to form CO; and, then, the generated FeO is further
oxidized by 0,.* As a control, the activities of SiO2 NPs were also evaluated by CO oxidation
(Figure S4), and the CO conversion was very low, so the SiO2 support did not influence the
catalytic performance of the 25¢-Fe/SiO> catalyst. In order to compare the activity of the 25c-
Fe/Si0; catalyst with that of Fe2O3, we prepared a Fe;O3/Si02-IW catalyst by an incipient wetness
method and used it in the CO oxidation reaction as well. As shown in Figure S5, its activity was

much lower than that of the 25¢-Fe/SiOz single-atom catalyst.
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Figure 3. (a) Effect of different molar ratios of CO to Oz on CO conversion over 25¢c-Fe/SiO;
catalyst. The flow rate of CO was kept at 2 sccm, and that of O2 was 2 sccm, 10 scem, and 20 scem
in each run; (b) cycling stability test and (c) long-term stability test of 25¢-Fe/Si02 SAC for CO

oxidation (2 sccm CO, 2 sccm O, and 46 sccm N»).

The stability of the 25¢-Fe/Si0; catalyst was evaluated by cycling tests and, as shown in Figure
3b, five cycles of CO oxidation reactions were applied for the 25¢-Fe/SiO2 SAC catalyst and the
catalyst showed higher activity in the run 2-5 than in the first run. This could be attributed to the
fact that some functional groups were still on the Fe atoms, which did not compeltely react with
H> during the ALD process, and these Fe atoms were not involved in the CO oxidation reaction in
the first run. However, these functional groups reacted with O during the first run and, thereby,
the Fe atoms could be used in the following runs. Thus, the catalytic activity improved in the run
2-5. In order to verify the hypothesis, XPS analysis was performed for the 25¢c-Fe/Si02 samples
before and after CO oxidation. It is noted that there was a broad peak of C(1s) located at 287-295
eV for the as-prepared 25c-Fe/SiO, sample, and the peak disapeared after the CO oxidation
reaction (as shown in Figure S6a). It should be assigned to the remaining functional groups on the
Fe atom surface after the ALD process. In the CO oxidation reaction, these functional groups

reacted with O», so there was no such peak observed for Fe/SiO» after CO oxidation reactions.
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As shown in Figure 3¢, a long-term stability test was performed. Since the CO conversion
reached 100% at 550 °C, the reaction was kept running for more than 400 hours at 550 °C, and no
decrease in CO conversion was observed. This indicates that the 25¢c-Fe/Si0O, catalyst was still
very reactive and durable under severe conditions, e.g., high temperature. The state of Fe did not
change during the long-term test based on XPS and XRD results (Figures 4, S6b, and S7). In
comparision with the reported catalysts (e.g., Au,*! Pd,*? and Co304 **), the 25¢c-Fe/SiO2 SAC
catalyst retained high activity for a longer time at a higher temperature, with these properties being
vital for practical applications (Table S4). In general, metal/metal oxide NPs or sub-nanometer
particles remain stable on the surface of supports at low temperatures, and do not aggregate to
form larger particles. It is difficult, however, to dissociate Oz molecules at low temperatures owing
to a lack of enough energy after O> molecules adsorb on metal/metal oxide particles for CO
oxidation, which results in deactivation of catalysts.*> On the other side, there is a high possibility
that the metal/metal oxide catalysts will aggregate at high reaction temperatures, which will lead
to deactivation as well.*! In this study, the 25¢c-Fe/SiO2 SAC is very stable at high temperatures.
So, this is a potential and promising alternative for catalytic oxidation of CO exhaust from vehicles

due to its outstanding performance.
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Figure 4. High resolution XPS spectra of Fe (2p) for 25¢-Fe/SiO; samples before and after CO

oxidation reactions.

In addition to the application of CO removal, the Fe single atom samples were used in
photocatalytic degradation of MB. As shown in Figures 5 and S8, after Fe ALD deposition without
further treatment, the Fe/Ti0, samples with 1-5 Fe ALD cycles showed a higher photocatalytic
efficiency than that of pure TiO2, and the apparent kinetic constants (kapp) of the 2¢c-Fe/T102 sample
reached a maximum value (0.155 min™!), so that its activity exceeded that of pure TiO2 by a factor
of more than six times. Liu and Chen** reported an increase of only 1.62 times of photocatalytic
activity, as compared to undoped TiO> for a similar system. In addition, Pt ALD and CeO, ALD
were reported as being applied to improve TiO» photoactivity, but this showed only 3 and 3.3
times increase in photocatalytic activity, as compared to pure TiO», respectively.’> 4> More
importantly, Fe is much cheaper and more economic for large-scale production compared to Pt.
Thus, in comparison with other methods, Fe ALD is a promising strategy that can enhance Fe/T10»
photocatalytic performance (Table S5). The much higher photoactivity of 2c-Fe/Ti10> in this work,

than that of TiO», can be due to the following several factors.
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Figure 5. (a) Relative methylene blue concentration as a function of UV irradiation time over
different samples, and (b) apparent kinetic constant (Kapp, min') as a function of Fe/TiO; catalysts

with different numbers of Fe ALD cycles.

First, Fe’" ions could improve the intensity of absorption in the UV-visible light region and
make a red shift in the band gap transition of the 2¢c-Fe/Ti02 sample. This can induce more photo-
generated e” and h” to participate in the photocatalytic reactions.*® Based on the UV-visible DRS

for pure TiO2 and Fe/TiO; catalysts (Figures S9-S11), the band gap was calculated. As shown in
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Figure 6, the band gap energy values decreased from 3.22 eV to 3.03 eV, along with the 0 to 5
increase in the number of Fe ALD cycles. Increasing the Fe content in TiO; shifted the band gap
energy toward longer wavelengths due to the creation of trap levels between the conduction and
valence bands of TiO2.*"*® More cycles of Fe ALD would provide more trap centers and, thereby,

lead to a lager reduction in the band gap.
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Figure 6. Band gap energy of TiO2 and Fe/T102 samples.

Second, Fe atoms can work as an e/h" pair trap to suppress the recombination of e/h" pairs
and enhance lifetimes of e and h', which can improve the photocatalytic activity of Fe/TiO:
samples as well. In order to investigate the recombination rate of e”/h" pairs in all catalysts, Raman
and PL were performed. As shown in Figure 7a, all samples showed three major Raman bands at
397 cm’!, 517 ecm™!, and 640 cm’!, which are attributed to the Raman-active modes of the TiO»
anatase phase with the symmetries of Blg, Alg, and Eg, respectively.* It is noted that the baseline
of 1c-Fe/TiOy, 2¢-Fe/Ti02, and 5c-Fe/TiO> kept increasing from 300 em! to 1000 cm™!, which
resulted from a fluorescence effect after Fe deposition on TiO2 NPs. Thus, PL analyses of the TiO:

and Fe/TiO; samples were carried out to further study the fluorescence effect and recombination
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rate of e/h" pairs (Figure 7b). The only peak at 432 nm corresponded to the reflection from the
anatase phase of TiO,. With an increase in the number of Fe ALD cycles, the PL intensity greatly
decreased, which indicated that the separation efficiency of e/h" pairs improved for Fe/TiO;
samples, and could have resulted from an increase of the number of trap centers.>® However, with
an increase in the Fe content in samples, Fe atoms can serve not only as an e/h" trap but also as a
recombination center. In this study, the photocatalytic activity decreased greatly, compared to that
of the 2c-Fe/Ti0; catalyst, when the Fe concentration increased. This was attributed to the fact that
more Fe atoms played a role as e/h" recombination centers and improved the e/h" recombination
rate. In addition, no peak was presented that corresponded to Fe in both Raman and PL analyses,

which could be due to the low content and ultra-small size of Fe in the samples.
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Figure 7. (a) Raman spectra of (1) TiO2, (2) 1c-Fe/TiOz, (3) 2¢c-Fe/Ti02, and (4) 5c-Fe/Ti0,, and

(b) photoluminescence (PL) spectra of TiO> and Fe/Ti02 samples excited at 280 nm.

Last, the atomic size and uniform dispersion of Fe on TiO: surface is another important factor
that influences photocatalytic efficiency. Fe ALD took full advantage of the large surface area of
TiO», and Fe single atoms (~0.2 nm) were highly dispersed on TiO». Thus, Fe** ions worked as
many as possible e/h" traps in Fe/TiO, samples, which led to the fact that the recombination of e’
and h" decreased and photocatalytic activity drastically improved. In addition, according to XRD

analysis, the TiO:; in all samples remained anatase structure after Fe ALD and no peak
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corresponded to the reflections from Fe, which indicates that the crystal structure did not affect the
improvement in photocatalytic activity for the 2c-Fe/TiO, sample (Figure S12). All factors
mentioned above worked collectively and resulted in improved photocatalytic activity of 2c-

Fe/Ti0:x.

4. Conclusions

Fe single atoms were deposited on MWCNTs, SiO», and TiO> NPs by Fe ALD. HAADF-STEM
and XAS analysis proved the existence of Fe single atoms on MWCNTs, TiO2, and SiO2 NPs.
Ferrocene dose time is the dominating factor in the preparation of Fe single atoms on substrates.
The 25¢-Fe/Si02 SAC showed ultra-high activity and an excellent long-term stability at a high
temperature in the reaction of CO oxidation. The 2c-Fe/TiO; catalyst presented the highest
photocatalytic activity and had a more than six-fold photocatalytic activity enhancement over pure
TiO> for the degradation of MB. This study proves that Fe ALD is a universal strategy to prepare

Fe single-atom materials on various kinds of substrates.
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1. XAS analysis.

X-ray absorption spectroscopy (XAS), including extended X-ray absorption fine structure
spectroscopy (EXAFS) and X-ray absorption near edge structure spectroscopy (XANES), was
conducted at bending magnet beamline 9-BM at the Advanced Photon Source (APS), Argonne
National Laboratory. The XAS spectra were recorded in transmission mode with the ionization
chamber optimized for maximum current with a linear response [5]. Spectra at the Fe K edge (7.0-
7.7 keV) were acquired for the Fe/MWCNTs, Fe/SiO,, and Fe/TiO2 samples. Fe foil was used to
calibrate the monochromator. Standard procedures based on Athena software were used to fit the

XAS data.

2. XPS analysis.

The XPS spectra of 25¢-Fe/S10; samples (before and after CO oxidation reactions) were recorded
with a Kratos Axis 165 X-ray photoelectron spectrometer using monochromatic Al Ka radiation
(hv=1486.6 eV), at a take-off angle of 0°. The survey scan spectra and Fe 2p core level spectra
were recorded at pass energy of 160 eV and 20 eV, respectively. All binding energy values were

corrected to C 1s signal (284.5 eV).

3. XRD analysis.

The crystal structure of Fe/Ti02 and Fe/S10; samples was detected by X-ray diffraction (XRD)
with filtered Cu Ka radiation (A= 1.5406 A). The scanning range was 20, from 20° to 80°, with a
scanning rate of 0.025 °/s. The Scherrer equation was applied to estimate the average crystallite

sizes of TiO; and Fe/T10; samples: D = %, where B is the half-height width of the diffraction

peak of anatase, K=0.89 is a coefficient, 0 is the diffraction angle, A is the X-ray wavelength
corresponding to the Cu Ka irradiation (1.5406 A), and D is the average crystallite size of the

powder sample.

4. Raman analysis.

Raman spectra of TiO> and Fe/TiO, samples were recorded using a Horiba-Jobin Yvon LabRam
spectrometer, equipped with a 17 mW He-Ne laser. Spectra were collected using a 10 X objective

lens over a wavenumber range of 200-1200 cm™'. The initial power was 17 mW, as the excitation

source. The excitation wavelength used was 632.8 nm, and the filter chosen was 0.6 D. Thus, the
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incident power was 6.8 mW. The reported spectra were generated from 10-20 scans of the

respective wavenumber range, each taking 10 seconds.

5. Band gap calculation.

The UV-visible diffuse reflectance spectra (DRS) were used to evaluate the band gap of TiO> and
Fe/TiO; samples by plotting [F(R)*hv]'? against hv, where hv is the energy of the incident photon
and F(R) is the reflection in the Kubelka-Munk function [6]. The linear part of the curve was

extrapolated to zero reflectance and the band gap energy was derived.
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Figure S1. Schematic diagram of an ALD fluidized bed reactor.
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Figure S2. Low magnification HAADF-STEM image of 10c-Fe/MWCNTs.
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Figure S6. XPS spectra of (a) C (1s) and (b) survey scan for 25c-Fe/Si02 SAC before and after

CO oxidation reactions.
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Figure S7. XRD patterns of 25¢c-Fe/Si02 SAC before and after CO oxidation reactions.
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Figure S8. Methylene blue concentration, as a function of UV irradiation time, over different
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Figure S12. XRD patterns of (a) TiO2, (b) 1c-Fe/TiO», (c) 2¢-Fe/Ti02,and (d) 5c-Fe/TiO; samples.

X-ray diffraction (XRD) was used to investigate and determine the effect of Fe deposition on the
phase structure. Figure S12 displays the XRD patterns of Fe/TiO, samples with different numbers
of cycles of Fe ALD. There is no significant difference for any of the samples. The peaks at 25.3°,
37.8° 48.1°, 53.9° 55.2°, 62.8° and 75.2° correspond to the reflections from (101), (004), (200),
(105), (211), (204), and (215) planes of TiO: in the anatase phase, respectively [2], and no rutile
phase was detected in any of the samples. This indicates that the Fe ALD process did not modify
the anatase phase of the TiO, sample. In addition, no peak corresponds to the reflections from Fe,
which could be due to the ultra-small size of Fe on TiO,. According to the XRD analysis, the TiO2
crystal size was around 19 nm for all of the samples, which is close to the actual particle size of

TiO2 (~20 nm).
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Table S1. Labels of samples and sample descriptions.

Label of sample Sample description Ferrocene dose time (s)
1 2¢-Fe/MWCNTs 2 cycles of Fe ALD on MWCNTs 300
2 5¢c-Fe/MWCNTs 5 cycles of Fe ALD on MWCNTs 300
3 10c-Fe/MWCNTs 10 cycles of Fe ALD on MWCNTs 300
4 lc-Fe/TiO2 1 cycle of Fe ALD on TiO» 300
5 2¢c-Fe/Ti0; 2 cycles of Fe ALD on TiO» 300
6 5¢-Fe/Ti02 5 cycles of Fe ALD on TiO» 300
7 15¢c-Fe/Ti0O2 15 cycles of Fe ALD on TiO> 300
8 3¢c-Fe/Si10; 3 cycles of Fe ALD on SiO> 300
9 10c-Fe/Si02 10 cycles of Fe ALD on Si0: 300
10 25¢c-Fe/Si02 25 cycles of Fe ALD on SiO» 300
11 5¢-Fe/S102-600s 5 cycles of Fe ALD on SiO> 600

Table S2. Valence state of Fe in 15¢-Fe/Ti02 and 25¢-Fe/SiO; samples.

Fel Fe?* Fe?*
15¢-Fe/Ti0» 0 12.3% 87.7%
25¢-Fe/Si0; 0 14.2% 85.8%
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Table S3. Comparison of catalytic activity for CO oxidation on different Fe-based

catalysts.
Specific raterioo,
Sample CO:0O2 Ti0,°C?*  Ts0,°C®  Tigo, °C ©
mLco gre s ¢
25¢-Fe/SiO2 1:10 360 390 410 46.30
FeOx-200 [8] 1:10 167 240 307 0.48
Fe,0s3 [9] 1:10 210 290 420 0.48
Fe>O3 nanorods [10] 1:10 230 289 370 0.2
Fe>O3 nanocubes
1:10 300 378 580 0.2
[10]
Fe,Os3 nanotubes
1:10 270 400 640 0.2
[10]
Fe,0s large cube
1:16 300 470 >500 0.12
[11]
FexOslarge rod [11] 1:16 190 240 280 0.12
Fe;03-430 [12] 1:20 110 230 253 0.07

@ Temperature (°C) for 10% CO conversion. ® Temperature (°C) for 50% CO conversion. ¢ Temperature (°C)
for 100% CO conversion. ¢ Volume per second of CO oxidized over per gram of Fe at the temperature for
100% CO conversion.
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Table S4. Comparison of long-term stability of CO oxidation for different catalysts.

Temperature, Time, Decrease of CO
Sample o Y References
C hr conversion, %
25¢-Fe/SiO2 550 >400 0 This work
Pd/graphene 120 24 0 Lietal. [13]
Au@CeO2 120 70 0 Qietal. [14]
Pd-Au alloy 80 10 2 Xuetal. [15]
Nanoporous Au 30 24 4 Xuetal. [16]
Au-Cu/TiOz 20 24 10 Sandoval et al. [17]
Co0304 (LCP- 25 9 20 Wang et al. [18]
300)
Au/Zeolite Y 25 70 27 Chen et al. [19]
Au-Ir/TiO2-S 23 20 60 Gomez-Cortés et al. [20]

Table S5. Comparison of photocatalytic activity of various samples.

Sample Preparation method Pollutant kapp(sample):kapp(pure TiO2)* References
2¢-Fe/TiO2 ALD Methylene blue 6.5 This work
40Ce/Ti02 ALD Methylene blue 33 [7]

Pt/Ti0O; ALD Methylene blue 3 [21]

0.5% Fe/Ti02 Wang et al. [22] Formaldehyde 3 [23]
4% Fe/TiO2 Sol-gel method Methyl orange 2.0-2.5 [24]
0.25 at.% Fe/TiO» Ultrasonic method Acetone 1.75 [25]
0.002 % Fe/Ti0> Sol-gel method Methyl orange 1.62 [26]
1.8 at.% Fe/TiO2 Sol-gel method Salicylic acid 1.18 [27]
0.1% Fe/Ti02 Hydrothermal method  Methylene blue <1 [28]

 Kapp 1s the apparent first order constant.
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