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ABSTRACT: The synthesis and characterization of substitutional Fe3+ in sub-10 nm colloidal SrTiO3 and BaTiO3 nanocrystals (NCs) is 
reported. Significant and reversible changes to the electronic structure of the Fe-dopants in the NCs with excess n-type defects are observed by 
electronic absorption and electron paramagnetic resonance (EPR) spectroscopies. These n-type defects are identified as paramagnetic Ti3+ trap 
states that are created by anaerobic photodoping of colloidal suspensions with UV light in the presence of a hole scavenger. The appearance of 
the Ti3+ defects is correlated with the disappearance of the Fe3+ EPR signal that we attribute to the reduction of Fe3+ dopants to the EPR-silent 
Fe2+. This reduction of the Fe-dopant is totally reversible upon reoxidation of the nanocrystals with air. The stabilization of Fe2+ in these lattices 
has been observed in SrTiO3 and BaTiO3 thin films and bulk powders after reducing the samples under extreme conditions that convert only a 
fraction of the Fe3+ dopants. In contrast, the controlled reduction of apparently every Fe3+ dopant to Fe2+ in these colloidal NCs can be achieved 
with just UV photons at room temperature. This work expands upon the types of reversible interactions that can exist between aliovalent 
magnetic dopants and charge carriers in d0-based metal oxide semiconductors.

Exploiting the properties of semiconductor nanomaterials by 
incorporating impurities constitutes a long-standing challenge to 
materials chemistry that has hindered their implementation in 
various technologies.1-4 Numerous studies have focused on the 
design of high-quality colloidal nanocrystals (NCs) with controlled 
incorporation of either aliovalent dopants to tune the carrier 
concentration or magnetic dopants for spin-based electronic or 
quantum information processing applications.5-8 Significant 
progress has occurred in recent years with respect to introducing 
excess charge carriers into metal oxide semiconductors through 
aliovalent doping,9-10 control over material stoichiometry,11-12 
photochemical (also known as photodoping),13-14 doping via 
electron transfer from a chemical reductant,15 and electrochemical 
doping.16  

An emerging class of substitutional dopants that function 
simultaneously as aliovalent dopants and paramagnets has received 
much attention due to their multifunctionality. Examples of such 
dopants in oxide semiconductors are Fe3+-doped ZnO 
(Fe3+:ZnO),10,17 where Fe3+ dopant acts as an electron donor, and 
Cr3+:SrTiO3 where Cr3+ substitutes at the Ti4+ site and behaves as an 
acceptor.18-19 The aliovalent magnetic dopants of relevance to our 
studies are the 3d transition metal ions in Ti-based oxide 
semiconductors. SrTiO3 is a wide-gap semiconductor with the 
bottom of the conduction band having primarily empty Ti-3d 
character. This electronic structure feature is common with so-
called d0 semiconductors and can be exploited to produce quasi-
delocalized Ti3+ defect centers (self-trapped electrons) after an 
increase in carrier concentration.15,20 Magnetic ordering has also 
been reported in Ti-based oxide semiconductors containing 
aliovalent magnetic dopants including Cr3+:TiO2, Co2+:TiO2, 
Fe:SrTiO3−δ, and Co2+:(La,Sr)TiO3.21-24  

We recently reported that the spin relaxation time of Cr3+ 
dopants in colloidal SrTiO3 NCs is accelerated by the presence of 

photochemically-introduced Ti3+ defects.25 We demonstrated an 
apparent enhancement of this effect specifically in the Cr3+:SrTiO3 
NCs, relative to the Cr3+-doped bulk powders.15 The discovery of 
this efficient and reversible control over the spin-relaxation time of 
localized Cr3+ motivated our current work to explore the behavior of 
additional aliovalent magnetic dopants in d0 semiconductor NCs. 
Herein we report the preparation of sub-10 nm Fe-doped SrTiO3 
and BaTiO3 colloidal NCs using hydrothermal methods described 
previously by our group.26-27 We confirm that the Fe is in Fe3+ state 
and is located at the octahedral Ti4+ sites in as-prepared NCs by 
electron paramagnetic resonance (EPR) spectroscopy. Upon 
anaerobic photodoping of colloidal NCs, the EPR signal of Fe3+ 
disappears with increasing Ti3+ concentration. The lack of Fe3+ EPR 
signal in the photodoped SrTiO3 and BaTiO3 persists down to 100 
K, where the Ti3+ EPR signal is observed. These results are 
consistent with the electrons trapping at the Fe3+ sites prior to 
accumulating at Ti3+ defects in these NCs. This electron trapping 
phenomenon reduces Fe3+ to EPR-silent Fe2+ centers and can be 
effectively manipulated as a function of irradiation time. All of the 
spectroscopic changes induced by photodoping are fully reversible 
upon aerobic oxidation of the photodoped sample. 

METHODS AND MATERIALS 
Materials: 
Strontium hydroxide octahydrate (Sr(OH)2·8H2O, 99%, Alfa 

Aesar), barium hydroxide octahydrate (Ba(OH)2·8H2O, 99%, Alfa 
Aesar), titanium(IV) bis(ammonium lactate) hydroxide (TALH, 
50% in water, Alfa Aesar), tetramethylammonium hydroxide 
(NMe4OH, Acros Organics), sodium hydroxide (NaOH, Certified 
ACS, Fisher Chemical), hydrazine hydrate (N2H4·H2O, 99%, Acros 
Organics), oleylamine (>50%, TCI America), oleic acid (>95%, 
Fisher Chemical), iron nitrate nonahydrate (Fe(NO3)3·9H2O, 
99.99% Sigma Aldrich), ethanol (200 proof, PHARMCO-AAPER), 
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QC-21 elements standard (PerkinElmer, 5% HNO3), nitric acid 
(Certified ACS Plus, Fisher Chemical), hydrochloric acid (Certified 
ACS Plus, Fisher Chemical), toluene (Optima, Fisher Chemicals) 
and hexanes (Optima, Fisher Chemicals) were all used as received. 

Synthesis of Nanocrystals: 
Pure and Fe-doped SrTiO3 colloidal NCs. Synthesis of colloidal 

SrTiO3 NCs was carried out by a modified hydrothermal method 
reported earlier by Harrigan et al.26 In a typical synthesis, 1.25 mmol 
of TALH and 1.25 mmol of Sr(OH)2·8H2O were dissolved in 30 mL 
of distilled water. The pH of the solution was then adjusted to 12.1 
with an aqueous solution of NMe4OH (10 M) followed by the 
addition of oleic acid (2.5 mmol) and hydrazine (5 mmol). The 
resulting solution was transferred to a 45 mL Teflon-lined autoclave 
(4744 General Purpose Acid Digestion Vessel, Parr Instrument 
Company) and heated to 200 °C in an oven for 24 hours. The 
resulting NCs were collected, washed with ethanol several times, 
suspended in hexanes, and sonicated for about 30 minutes to 
produce a cloudy suspension. Finally, a transparent hexane layer 
containing NCs was extracted by centrifuging the cloudy suspension 
(5 min at 4000 rpm). These NCs can be further purified by 
precipitation with ethanol. Synthesis of nominally 0.5% Fe-doped 
SrTiO3 NCs was carried out by adding 625 μL of 0.01 M aqueous 
solution of Fe(NO3)3·9H2O right after adjusting the pH of the 
precursor solution. Similarly, nominally 1% Fe-doped SrTiO3 NCs 
were prepared by adding 1.25 mL of 0.01 M aqueous solution of 
Fe(NO3)3·9H2O. 

Pure and Fe-doped BaTiO3 colloidal NCs. Synthesis of BaTiO3 
NCs was carried out by a similar hydrothermal method but included 
constant magnetic stirring.27 In a typical synthesis, 1.5 mmol of each 
of TALH and Ba(OH)2 were dissolved in 24 mL distilled water 
followed by 6 mL of 5 M NaOH aqueous solution. The reaction 
mixture was then transferred to a 45 mL Teflon-lined autoclave, and 
oleylamine (6 mmol), oleic acid (6 mmol), and hydrazine (6 mmol) 
were added. The sealed autoclave was placed in custom-made 
aluminum block housing heated to 215 °C and stirred continuously 
for 24 hours using a stirring hotplate. After the synthesis, the 
autoclave was cooled down to room temperature, and the crude 
product was collected along with water into two separate test tubes 
and washed with ethanol (33% by volume) twice. The solid product 
was then dissolved in hexanes to produce a cloudy suspension with 
sonication (15 minutes). Finally, the hexane layer containing the 
NCs was extracted by centrifuging the suspension. Synthesis of 
nominally 0.5% Fe-doped BaTiO3 NCs was carried out by adding 
750 μL of 0.01 M aqueous solution of Fe(NO3)3·9H2O before 
adding NaOH. 

Physical characterization: 
All measurements presented below were collected on either 

pure or 0.5% Fe-doped SrTiO3 NCs (referred to as Fe:SrTiO3 
hereafter) and pure or 0.5% Fe-doped BaTiO3 NCs (referred to as 
Fe:BaTiO3 hereafter) unless specified otherwise. Electronic 
absorption and emission spectra were collected at room-
temperature on colloidal NCs in air-tight quartz cuvette on Cary 50 
Bio and Cary Eclipse, respectively. Near-IR absorption 
measurements were collected on Varian 670 FT spectrometer 
equipped with an InGaAs detector and near-IR quartz beam splitter 
using a 1-mm pathlength quartz cuvette. The functional groups and 
surface chemistry analysis of solvent-free NCs were carried out on a 
Bruker Alpha-P FTIR spectrophotometer equipped with an 
attenuated total reflectance (ATR) platinum diamond optic. EPR 
measurements were carried out on continuous wave (CW) Bruker 

Elexsys-500 fitted with Super High QE X-band cavity 
(ER4123SHQE) and cryostat (ESR-900, Oxford) for low-
temperature measurements. For the photodoping experiments, a 75 
W xenon lamp was used (60000 Q series, Oriel Corporation). 
Transmission electron microscopy (TEM, JEOL 2000FX) images 
were measured from freshly prepared NCs drop-casted onto carbon-
coated (3nm) copper grids (CF400-CU-50, Electron 
Microscopy Sciences). The average size distribution and standard 
deviation were generated by analyzing a few hundred particles from 
TEM images using ImageJ software. Powder X-ray diffraction 
patterns were collected in a Bragg-Brentano configuration and Cu 
K-source (Rigaku Smart Lab SE). Metal ion stoichiometry was 
measured on dissolved ensembles of NCs and measured by 
inductively coupled plasma - optical emission spectrometer (ICP-
OES, Perkin Elmer Optima 4300 DV). 

Photodoping: 
Photodoping experiments were performed to introduce excess 

electrons in as-prepared NCs. Sample preparation was completed in 
the argon-filled glove box where NCs suspended in hexanes were 
transferred to a 1 cm air-tight cuvette before removal. Samples were 
photodoped by prolonged exposure to unfocused irradiation from 
75 W xenon lamp in the presence of EtOH (0.5 mL, >100 eq/NC) 
as a sacrificial reductant. The electronic absorption spectra were 
taken periodically during the entire photodoping process. It was 
estimated that the NCs were photodoped to their saturation limit 
when no further spectroscopic changes could be observed following 
prolonged exposure. For in-situ EPR measurements, NCs were 
transferred to a 4-mm air-free EPR tube, and photodoping 
procedure inside the EPR resonator was carried out by UV 
irradiation via fiber optics. The lamp was warmed up 30 min before 
each photodoping experiment in order to achieve uniform 
temperature and irradiation intensity. 

RESULTS AND DISCUSSION 
The crystallinity and phase purity of as-prepared undoped and 

Fe-doped SrTiO3 NCs were confirmed by powder X-ray diffraction 
measurements (see Figure S1). The diffraction patterns of the both 
samples are indexed to cubic SrTiO3 (space group: Pm3"m) with no 
additional secondary phases.28 A slight increase of the lattice 
parameter was observed in the Fe:SrTiO3 NCs. This typical lattice 
expansion is attributed to the substitution of a relatively larger Fe3+ 
ion (0.79 Å) at the Ti4+ (0.74 Å) sites and is consistent with other 
spectroscopic evidence of Fe3+ substitution shown below.29-30 TEM 
images also confirmed that the as-prepared product is 
nanocrystalline and exhibits cubic morphology with an average edge 
length of 7.7 nm ± 1.9 nm in good agreement with the size calculated 
from the diffraction pattern (see Figure S2 and Table ST1). The 
elemental analysis showed a total of 1.03 % Fe content in the 
nominally 0.5% Fe-doped SrTiO3 NCs (see Figure S3 and Table 
ST2). The titanium precursor (TALH) also contains small amounts 
of TiO2 impurities due to slow hydrolysis at pH 8.5. The presence of 
such impurities thus overestimates the concentration of Ti4+ in the 
reaction solution. 

Figure 1A shows the electronic absorption spectra and the 
corresponding color photographs of concentrated solutions of 
SrTiO3 and Fe:SrTiO3 NCs in hexanes. The absorbance at ca. 3.25 
eV dominates the electronic absorption spectra of both the samples, 
consistent with the bandgap transition energy of SrTiO3.31 
Fe:SrTiO3 NCs exhibit an additional broad sub-bandgap absorption 
that tails into the visible region that is responsible for the yellowish-
brown color of the concentrated suspensions (see photographs in 
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Figure 1A insets). This absorption tail was previously observed in 
bulk Fe:SrTiO3 involving deep Fe3+ impurity levels and explicitly 
attributed to a valence band-to-metal charge transfer transition.32-33 

 

Figure 1. (A) Room temperature electronic absorption spectra and 
color photographs of concentrated solutions of SrTiO3 (orange) and 
Fe:SrTiO3 (green) in hexanes. (B) Absorption and PL spectra of dilute 
solutions of both samples excited at 300 nm. The left axis represents the 
optical density of dilute solutions that is ≤0.5 at the excitation 
wavelength, while that normalized PL intensity is displayed on the right 
axis. (C) Room temperature EPR spectrum of as-prepared Fe:SrTiO3 
NCs showing a single, broad resonance at ~350 mT (g = 2.004). 

Figure 1B displays the electronic absorption and 
photoluminescence (PL) spectra of dilute suspensions of SrTiO3 
and Fe:SrTiO3 NCs excited at 300 nm. The normalized PL spectra 
of both the samples appear identical, with a broad emission feature 
centered around ~3.0 eV. This PL energy is in agreement with the 
previously reported emission described as self-trapped excitons’ 
(STE) recombination at the surface of SrTiO3.34-35 There is no 
discernable variance between the PL energy of SrTiO3 and 
Fe:SrTiO3 NCs. This observation suggests that both the samples 
possess similar surface chemistry and that radiative recombination 
from the STE state is faster than the energy transfer to Fe-centered 
excited states. FTIR measurements were also utilized on solvent 
evaporated NCs (see Figure S4) to understand the surface 
coordination environment. The FTIR spectra display the 
characteristic symmetric and asymmetric carboxylate stretches 
(doublet at 1540 cm−1 and 1450 cm−1) and aliphatic bands around 
2900 cm−1 that are consistent with oleate passivation of the NC surface. 

To probe the local environment of Fe3+ dopants in as-prepared 
Fe:SrTiO3 NCs, we employed conventional X-band EPR 
spectroscopy, which is well-reported to replace octahedral Ti4+ in 
SrTiO3 lattice.36-37 For Fe3+ (3d5) in an environment of cubic 
symmetry (ground state term 6A1g), the spin degeneracy can only be 

lifted by a magnetic field, thus making Fe3+ a suitable dopant for 
investigation by EPR spectroscopy. Figure 1C shows the room 
temperature EPR spectrum of Fe:SrTiO3 NCs. The broad isotropic 
resonance at ~350 mT (g = 2.004) corresponds to high-spin Fe3+ 
electronic states at the octahedral site in correspondence with 
literature.38-40 No evidence of pseudo-octahedral Fe3+ at the SrTiO3 
NC surface was detected in the low-field region.  

We previously showed that both the spin-lattice (T1) and spin-
spin (T2) relaxation times of Cr3+ ions in Cr-doped SrTiO3 colloidal 
NCs could be effectively accelerated by the presence of fast-relaxing 
paramagnetic Ti3+ defects.25 To probe the interaction between 
excess electrons and substitutional Fe3+, we performed photodoping 
experiments on Fe:SrTiO3 NCs. A detailed procedure for 
introducing excess electrons via photodoping is described in the 
experimental section. Briefly, UV irradiation of an anaerobic 
solution of as-prepared NCs creates electron/hole pairs (excitons) 
followed by the rapid quenching of holes with ethanol which leaves 
excess electrons in NCs. 

Figure 2 shows the electronic absorption spectra of Fe:SrTiO3 
NCs as a function of photodoping time. The absorption spectrum of 
as-prepared NCs is dominated by SrTiO3 bandgap transition above 
~3.25 eV. With increased photodoping time, a new absorption 
feature extending throughout the entire visible region and centered 
at ~1.5 eV (900 nm) appears, and the physical appearance of the 
sample changes to dark blue (see Figure 2 insets). This broad near-
IR transition is assigned to the metal-to-metal charge transfer 
(MMCT) transition from localized Ti3+ sites to the conduction band 
reported previously in photodoped Cr-doped SrTiO3 and TiO2.25,41 
The only change in the electronic absorption spectrum with 
increasing photodoping time is the growth of this MMCT transition. 
We have no evidence that photodoping creates delocalized electrons 
in the conduction band (eCB! ). Recent reports showed that n-type 
doping of small anatase TiO2 NCs can lead to accumulation of eCB!  
as observed spectroscopically by significant blue-shifts in the band-
edge energy from the Moss-Burstein effect and formation of a 
localized surface plasmon resonance (LSPR) in the mid-IR region.5 
Milliron reported similar spectroscopic changes caused by eCB!  
accumulation in Nb5+-doped TiO2 NCs.6,42 The lack of absorption in 
the mid-IR region further confirms that eCB!  are absent in our 
photodoped SrTiO3 NCs (see Figure S5). 

 

Figure 2. Electronic absorption spectra of an air-free solution of 
Fe:SrTiO3 NCs in hexanes as a function of photodoping time. The green 
spectrum corresponds to as-prepared NCs. The intermediate grey lines 
show the data collected at various stages of photo-irradiation in the 
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presence of EtOH. The blue spectrum belongs to maximally 
photodoped NCs, and the dotted red line overlapping the as-prepared 
data represents the reoxidized NCs upon opening the sample to air. The 
color photographs for as-prepared, photodoped, and reoxidized NCs 
are shown in insets. 

EPR spectroscopy was also utilized to monitor any associated 
changes in substitutional Fe3+ with the concomitant occurrence of 
Ti3+ (3d1, 2T2g ground term) throughout the photodoping duration. 
Figure 3A shows the room temperature EPR spectra of Fe:SrTiO3 
NCs collected before and after photodoping. As shown in Figure 1C, 
the EPR spectrum of as-prepared Fe:SrTiO3 NCs (green) exhibits 
only a single, broad resonance at g = 2.004 assigned to substitutional 
Fe3+ ions. However, after photodoping for 20 min, the Fe3+ signal 
completely disappears, and a new signal at ~355 mT (g = 1.94) is 
detected that is attributed to the formation of paramagnetic Ti3+ 
consistent with absorption measurements shown in Figure 2. The 
Ti3+ EPR signal in photodoped SrTiO3 NCs is nearly isotropic. The 
disappearance of the Fe3+ signal and the simultaneous emergence of 
Ti3+ in the photodoped Fe:SrTiO3 samples are entirely reversible 
processes. The above-mentioned spectroscopic changes were 
quantitatively recovered by exposing the photodoped sample to air, 
as shown by the red dotted spectra in Figures 2 and 3. 

 

Figure 3. Room-temperature and cryogenic EPR spectra of an air-free 
solution of (A) Fe:SrTiO3 and (B) Fe:BaTiO3 NCs in hexanes. The 
green spectra in both samples correspond to as-prepared NCs, and the 
blue spectra denote the photodoped NCs. The dotted red lines 
overlapping the as-prepared data represent the reoxidized NCs upon 
opening the samples to air. 

These observations are similar to our recent report on Cr3+-
doped SrTiO3 NCs, where photodoping results in the disappearance 
of the Cr3+ EPR signal at room temperature.25 The Cr3+ signal in that 
study reappeared after lowering the sample temperature to slow 

down the accelerated spin-relaxation. However, the EPR spectrum 
of photodoped Fe:SrTiO3 NCs collected at 90 K (Figure 4) 
indicates a permanent elimination of Fe3+ signal even at the 
cryogenic temperature. This observation suggests that Fe3+ may not 
have any spin-interactions with Ti3+ defects, unlike Cr3+ in 
photodoped SrTiO3 NCs. The change in spin relaxation is caused by 
the near-resonant cross-relaxation phenomenon between Ti3+ and 
Cr3+ with similar g-values (Ti3+:1.945, Cr3+:1.978).43-44 We speculate 
that the Fe3+ signal at a much higher g-value (2.004) can make the 
spin cross-relaxation process with Ti3+ defects non-resonant and, 
therefore, less effective.  

The observation of total disappearance of the Fe3+ signal in the 
SrTiO3 NCs is consistent with at least some, if not all, of the 
substitutional Fe3+ dopants being reduced to EPR-silent Fe2+ 
dopants. This observation is also similar to our recent results on n-
type Fe-doped ZnO NCs.9,45-46 To probe the relative positions of the 
Fe3+/2+ and Ti3+ energy levels in SrTiO3 bandgap, we performed in-
situ photodoping experiments (see Figure S6). The sequential 
disappearance of the Fe3+ EPR signal within a few seconds of 
photodoping followed by the appearance of the Ti3+ signal suggests 
(a) there is a gradual rise in Fermi level and (b) that the Fe3+/2+ redox 
level is situated deeper than the Ti3+ level. Scheme 1 illustrates the 
proposed mechanism of electron trapping in Fe:SrTiO3 NCs. The 
photoexcitation of charge carriers followed by rapid hole quenching 
with EtOH raises the Fermi level below the conduction band, which 
results in the reduction of substitutional Fe3+ to Fe2+ prior to self-
trapping at the Ti3+ defects. Upon exposing the photodoped sample 
to air, these changes are then reversed, and Fe3+ is quantitatively 
recovered.  
Scheme 1. A schematic representation of reversible electron 
trapping at Fe3+/2+ redox level in photodoped Fe:ATiO3 NCs. 

 

To validate the generality of this reversible electron trapping, we 
extended the study to Fe3+-doped BaTiO3 colloidal NCs prepared 
from a similar hydrothermal method (see Figure S7 and Table ST3). 
Electronic absorption spectra of photodoped NCs of BaTiO3 and 
Fe:BaTiO3 show a similar but slightly blue-shifted broad absorption 
feature observed in photodoped SrTiO3 NCs (see Figure S8). The 
EPR spectrum of as-prepared Fe:BaTiO3 NCs is shown in Figure 3B 
and is similar to the spectrum of Fe:SrTiO3 but also displays an 
additional intense broad signal at ~160 mT (g = 4.23). This feature 
increases in relative intensity compared to the substitutional Fe3+ 
signal and is observed in nominally 1% Fe:SrTiO3 NCs (see Figure 
S9). This feature at g = 4.23 is attributed to a fraction of Fe3+ dopants 
located near the surface of NCs with pseudo-octahedral symmetry. 
We attribute the higher relative intensity of this surface Fe3+ EPR 
signal to the smaller size of BaTiO3 (~5 nm) that results in a larger 
fraction of Fe3+ dopants either on the surface or in near-surface sites 
compared to SrTiO3 NCs (~8 nm). These surface Fe3+ sites have 
variation in the coordinating ligands on the SrTiO3 and BaTiO3 NC 
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surfaces. The alkylamine surface ligands used during the synthesis of 
the Fe:BaTiO3 NCs are also known to remove surface Fe3+ dopants 
as observed in a post-synthetic ligand exchange process in Fe3+:ZnO 
NCs.10  

Further support for the distinction between surface and 
substitutional Fe3+ in the BaTiO3 NCs is based on a comparison of 
the spectral changes of this low-symmetry surface Fe3+ and 
substitutional Fe3+ at g = 2.004 as a function of photodoping time 
(see Figure 3B). Initially, the EPR signal for substitutional Fe3+ is 
more intense than the surface Fe3+; however, after photodoping for 
a short time (~5 min), the relative EPR signal intensities flip. Further 
photodoping leads to the complete disappearance of the 
substitutional Fe3+ with some residual surface Fe3+ signal still 
observed albeit weaker. The EPR spectrum of the photodoped 
Fe:BaTiO3 NCs collected at 100 K also shows an anisotropic Ti3+ 
defect signal centered around ~355 mT as shown in Figure 3B.. The 
anisotropy of the g-values observed for the Ti3+-related defect in 
photodoped colloidal Fe:BaTiO3 NCs presented here (gx,y = 1.94, gz 
= 1.97) is exactly opposite to that reported in bulk BaTiO3 powders 
and single crystals (gx,y = 1.97, gz = 1.94).47 Both SrTiO3 and BaTiO3 
NCs possess cubic structures by powder XRD. Therefore, the crystal 
field surrounding a self-trapped electron at the B-site (Ti3+) should 
be isotropic; however, Ti3+ is Jahn-Teller active and will distort to 
axial symmetry in both photodoped SrTiO3 and BaTiO3 albeit to 
varying extents.48 The likelihood of Ti3+ defects being near or at the 
NC surface in the smaller BaTiO3 NCs would also lead to distortion 
of the Ti3+ EPR signal due to mixed coordination with the lattice and 
surface ligands that adds a rhombic component to the g-anisotropy. 
The anisotropic lineshape is less resolved in the photodoped SrTiO3 
and Fe:SrTiO3 NCs and may be the result of the larger average 
particle size.  

The existence of both axial and rhombic EPR signals associated 
with two distinct Ti3+ centers in thermal equilibrium was recently 
reported in photodoped TiO2 nanoparticles.49 This observation is 
unique to photodoped TiO2 nanoparticles and has not been 
observed in the bulk. We postulate that the variation of the Ti3+ EPR 
signals in photodoped Fe:SrTiO3 and Fe:SrTiO3 NCs compared to 
the bulk n-type BaTiO3 and Fe:SrTiO3 is caused by differences in 
(1) the microenvironment surrounding the Ti3+ center and (2) its 
proximity to the NC surface. We are currently investigating the 
microscopic origins of the EPR signal in photodoped d0 
semiconductor NCs. Nevertheless, there is no evidence of Fe3+ in 
photodoped Fe:BaTiO3 NCs, which is consistent with our proposed 
model of electron trapping on Fe3+ in SrTiO3 NCs. The drastic 
decrease in substitutional Fe3+ before surface Fe3+ suggests that the 
former is situated deeper than surface Fe3+/2+ redox level in BaTiO3 
NCs or that electronic coupling between surface Fe3+ and the self-
trapped Ti3+ defects is weaker. Similar step-wise reductions were also 
observed in the recent report on n-type Fe3+:ZnO NCs containing 
both substitutional and surface Fe3+ species.9,46 Suzuki et al. have 
reported that the Fe3+/2+ redox level is located ~0.7-0.8 eV below the 
conduction band minimum in BaTiO3 single crystals, while in 
SrTiO3 the Fe3+/2+ level is nearly degenerate with the conduction 
band.50 Our results are consistent with the Fe3+/2+ energy level lying 
at a more positive potential than the conduction band and Ti3+ level 
in both SrTiO3 and BaTiO3 NCs. 

Several other reports show that at least some of the Fe3+ can be 
reduced to Fe2+ in SrTiO3 and BaTiO3 bulk powder and thin films 
under reducing conditions.51-53 However, most of these reductions 
are limited to the surface and sub-surface Fe dopants and typically 
require elevated temperatures. Stabilization of Fe2+ in reduced 

SrTiO3 and BaTiO3 is also challenging as it requires additional 
charge compensation that could include the formation of oxygen 
vacancies.54 The requirement of oxygen vacancies and effect on the 
lattice may be responsible for the reduction of only some of the Fe3+ 
dopants in bulk ATiO3. In contrast, the charge compensation during 
photodoping is accomplished by proton (H+) adsorption at the 
surfaces as reported in TiO2 and other oxide NCs.14,55 Furthermore, 
photodoping can be achieved at room temperature with just UV 
photons and a sacrificial hole scavenger. This facile method offers a 
controlled and reversible reduction of every Fe3+ dopant throughout 
the entire ATiO3 NC. 

 

Figure 4. Representative CW-EPR spectra of maximally photodoped 
(A) SrTiO3 and (B) Fe:SrTiO3 NCs at 90 K at selected microwave 
powers. The signal intensity defined as ∆Y and best fits to equation 2 
(see Figure S3 and Table S2) for each measurement plotted as a 
function of microwave power (h1) is shown in the bottom panel (C). 

These results provide sufficient evidence that photochemically-
introduced n-type carriers reduce the Fe3+ dopants to EPR-silent 
Fe2+ ions, in contrast to the acceleration of spin-relaxation time of 
Cr3+ dopants.25 However, they do not rule out the possible cross-
relaxation between Fe3+ and Fe2+ or Ti3+ and Fe2+ centers in 
photodoped ATiO3 NCs. High-field EPR measurements to directly 
observe Fe2+ dopants are planned. However, with X-band CW-EPR, 
we were able to study the effect of Fe2+ on Ti3+ spin-dynamics. To 
probe this, we performed power saturation rollover experiments and 
linewidth analysis of Ti3+ signal in the absence and presence of Fe2+. 
These experiments were performed on photodoped SrTiO3 (no 
Fe2+) and Fe:SrTiO3 (Fe3+ fully reduced to Fe2+) at 90 K (See Figures 
4A-C, S10-11 and Table ST4). No significant difference in 
saturation rollover behavior orT2 time of the Ti3+ defects in both 
photodoped SrTiO3 (2.65 ± 0.06 ns) and photodoped Fe:SrTiO3 
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(2.50 ± 0.04 ns) was observed. The slight difference in T2 can be 
attributed to variation in average Ti3+ concentrations in the 
photodoped NCs. These results suggest that the spin properties of 
Ti3+ defects are not affected by the presence of Fe2+ dopants in 
photodoped SrTiO3 NCs. 

CONCLUSIONS 
We presented synthesis and characterization of Fe-doped 

SrTiO3 and BaTiO3 colloidal NCs and investigated their dopant-
defect interaction using various spectroscopies. The results 
presented here provide convincing evidence that the valance state of 
Fe dopant can be modulated between 3+ and 2+ by post-synthetic 
manipulation of carrier densities in these NCs. The introduction of 
excess charge carriers at room temperature using photodoping 
methods into Fe3+:SrTiO3 and Fe3+:BaTiO3 colloidal NCs results in 
the reduction of Fe3+ to Fe2+. This electron storage capacity of both 
the dopant and lattice makes these colloidal NCs potentially suitable 
for non-aqueous redox flow batteries. Direct verification of Fe2+ is 
challenging due to the air-sensitive nature of the photodoped NCs. 
We are currently investigating alternative methods to achieve air-
stable n-type defects in Fe-doped ATiO3 and related d0 colloidal 
semiconductor NCs. 
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ELECTRONIC SUPPLEMENTARY INFORMATION (ESI): 

Figure S1. Powder X-ray diffraction pattern of as-prepared SrTiO3 (bottom/black) and Fe:SrTiO3 NCs (top/green) indexed to cubic phase of bulk 
SrTiO3 with space group of Pm3"m.1 The baseline was carefully subtracted from both patterns. A slight shift to lower 2θ value in Fe:SrTiO3 NCs dis-
played in inset is attributed to a typical lattice expansion due to incorporation of relatively larger size Fe3+ (0.79 Å) cation at cubic Ti4+ (0.75 Å) site.  

Table ST1. The average lattice parameter and crystallite size calculated using Rigaku SmartLab Studio II for both samples. 

Sample NCs Lattice parameter (Å) Crystallite size (nm)† 
SrTiO3 3.9197 5.92 ± 0.42 

Fe:SrTiO3 3.9256 8.02 ± 0.54 

†Crystallite size is the average size calculated from the three most intense reflections: (110), (200) and (211). 

Figure S2. Representative transmission electron microscopy (TEM) image of as-prepared Fe:SrTiO3 NCs deposited on 3 mm copper grid exhibiting 
a cubic morphology. The size distribution plot from analyzing a few hundred different crystals using ImageJ is shown in the right panel. 
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Figure S3. Calibration plots for Ti (left/blue) and Fe (right/green) for ICP-OES measurements using multielement QC-21 Perkin Elmer standard 
solution to determine percentage in Fe:SrTiO3 NCs. In a typical sample preparation for ICP-OES analysis, solvent-evaporated NCs were digested in 
aqua regia (~1-2 mL) followed by the dilution in 5% HNO3 solution. 

Table ST2. ICP-OES analysis of Fe content in Fe:SrTiO3 NCs 

Sample NCs Nominal Fe content (%) Fe from ICP-OES (%) 
Fe:SrTiO3 1.0 1.70 
Fe:SrTiO3 0.5 1.03 

 

 

Figure S4. FTIR spectra of solvent evaporated SrTiO3 (orange) and Fe:SrTiO3 (green) NCs. The top purple spectrum belongs to free oleic acid. The 
pair of peaks at 1450 cm−1 and 1550 cm−1 corresponding to the symmetric (s) and asymmetric (as) stretches of bound carboxylate head group of oleate 
ligand is observed in both NCs. Aliphatic bands of oleate ligands are also present ca. 2900 cm−1, which indicate the NCs surfaces are passivated by oleate 
ligands  
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Figure S5. Electronic absorption spectrum of as-prepared and photodoped SrTiO3 NCs. The full spectrum was made by splicing the spectra collected 
on a Cary 50 for  λ < 900 nm and a Varian 670 for λ > 900 nm. 

 
Figure S6. Room temperature in situ EPR spectra of Fe:SrTiO3 NCs as a function of photodoping time. The green spectrum belongs to as-prepared 
NCs before turning on the Xe lamp. After turning on the lamp, the broad Fe3+ signal decreases in intensity and linewidth while a new feature at ~360 
mT appears (grey lines). This new signal is assigned to Ti3+ defects. The blue spectrum shows the photodoped NCs with some residual Fe3+ signal 
which can be completely eliminated upon prolonged photodoping as discussed in the main paper.  

 
Figure S7. Powder X-ray diffraction pattern of as-prepared BaTiO3 (bottom/black) and Fe:BaTiO3 NCs (top/green) indexed to cubic phase of bulk 
BaTiO3 with space group of Pm3"m.2 The average particle size calculated from peak analysis is shown below. 
 
Table ST3. The average lattice parameter and crystallite size calculated using Rigaku SmartLab Studio II for both samples. 
 

Sample NCs Lattice parameter (Å) Crystallite size (nm)† 
BaTiO3 4.0230 6.10 ± 0.4 
Fe-doped BaTiO3 4.0523 5.04 ± 0.9 

†Crystallite size is the average size calculated from the three most intense reflections: (110), (200) and (211). 
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Figure S8. Electronic absorption spectra of an air-free solution of BaTiO3 and Fe:BaTiO3 NCs in hexanes before and after photodoping. 

 
Figure S9. Room temperature EPR spectrum of nominally 1% Fe-doped SrTiO3 NCs. 
 

 

Figure S10. The CW-EPR spectra of collected at room temperature of maximally photodoped SrTiO3 (top/orange) and Fe:SrTiO3 NCs (bot-
tom/blue) displaying the characteristics resonance at g = 1.945 attributed to Ti3+ defects. The concentration of NCs in each sample was kept the same, 
approximated from the combination of ICP-EOS and particle size analysis. 
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Figure S11. CW-EPR spectra collected well below the saturation power at 90 K of (A) photodoped SrTiO3 and (B) photodoped Fe:SrTiO3 NCs. The 
purple and red lines are best fits to pseudo-Voigt line profile to obtain the Lorentzian width (ΓL) to calculate the spin-spin relaxation time (T 2) using 
equation 1. 

 
 

𝑇! = 2/(𝛾"Γ#)  (eq. 1) 
 
Where 𝛾 is the electron gyromagnetic ratio (1.760859708 × 1011 s–1T–1). 
 
Equation 2 shown below was used to fit the power saturation data shown in Figures 4A-C in the main text to determine the term P2 which is the prod-
uct of the spin-lattice (1/T1) and spin-spin relaxation rate (1/T2) as shown in equation 3. Where c is a scaler and ɛ is a measure of line homogeneity. 

∆𝑌 = 𝑐 ∙ ℎ$ 21 +
(&!)"

("
5
)*

  (eq. 2) 
 

𝑃! = (𝛾"!𝑇$𝑇!))$   (eq. 3) 

 
Table ST4. Spin-spin relaxation time (T2) calculated from Lorentzian width (ΓL) from fitting EPR spectra of both samples to first deriv-
ative pseudo-Voigt line profile as displayed in figure S10. 

Sample NCs ΓL (G) T 2 (ns) 
SrTiO3 42.88 ± 1.11 2.65  ± 0.06 
Fe:SrTiO3 45.75 ± 0.62 2.50  ± 0.04 
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