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Decoupling Size and Electronic Effects in Doped SrTiO3
Photocatalysts Through Surface Area–Normalized CO2
Hydrogenation Rates

Dikshita Bhattacharyya, Baliana Shani, Isaac Holmes-Gentle, Gerardo T Martinez,
Martyn McLachlan, Nicola Seriani, and Ludmilla Steier*

This study decouples size and electronic effects in Ga- and La,Ga-doped
SrTiO3 photocatalysts through specific surface area (SSA) normalized CO2

hydrogenation rates. The distinction between SSA-normalized and apparent
photocatalytic activity is crucial because gas-sorption experiments reveal that
Ga monodoping significantly increases the SSA of sol–gel synthesized SrTiO3,
but does not enhance its SSA-normalized photocatalytic activity in CO2

photohydrogenation. In contrast, SSA-normalized photocatalytic rates for
La,Ga co-doped SrTiO3 approximately double, suggesting a true improvement
in catalytic performance. These co-doped samples show intense, sharp
photoluminescence and a mid-gap absorption feature which, using DFT
calculations and oxygen annealing experiments, color centers are attributed to
(e.g., TixTi − Vx

O − TixTi ↔ Ti′Ti − V ⋅⋅
O − Ti′Ti). Though future studies into the

identification of the active site(s) are needed to assess the true, intrinsic
activity, this study highlights that SSA normalization of photocatalytic rates is
helpful to disentangle key material properties that enhance the catalytic
activity from mere surface area effects.
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1. Introduction

Oxide UV absorbers such as TiO2, SrTiO3,
and their doped analogues remain a core
class of photocatalyst materials primarily
due to their chemical stability and excel-
lent conversion yields of UV photons.[1]

Doping or alloying strategies have been
widely employed to reduce the bandgap
and utilize a broader range of the so-
lar spectrum.[2–4] However, these strate-
gies can also significantly impact oxy-
gen vacancy equilibria and particle size,
complicating the deconvolution of fac-
tors impacting photocatalytic activity.[5–7]

Catalytic activity is reported differently
across scientific communities. In photo-
catalysis, where catalyst suspensions are
common, activity is typically expressed as
a rate per gram of catalyst, following con-
ventions from heterogeneous thermal catal-
ysis. In contrast, photoelectrochemical sys-
tems use current density [mA cm−2] at a

given overpotential, akin to electrochemical benchmarking,
where the geometrical area of the electrode is the key metric.
In fundamental studies of the electrochemical CO2 reduction re-
action (CO2RR), activity is normalized to the electrochemically
active surface area, as measured by the chemical double layer ca-
pacitance, Pb-underpotential measurements, and, more recently,
CO displacement to approximate intrinsic catalytic activity as
a turnover frequency,[8,9] as is routinely done in homogeneous
catalysis. In heterogeneous photocatalysis, however, we remain
far fromdirectly quantifying the intrinsic activity of catalytic sites,
especially when modified by doping or other synthetic strategies.
In this work, we take a first step toward that goal by normalizing
photocatalytic rates to the specific surface area (SSA) of the pho-
tocatalyst. We show that apparent activity trends can shift signifi-
cantly when SSA is accounted for, enabling us to distinguish im-
provements arising from true electronic modification from those
merely due to surface area enhancement.
For example, understanding the activity of oxygen vacancies in

the reduction of CO2 is crucial for the development of improved
catalyst materials and has been gaining attention in recent lit-
erature on photocatalysts,[5,10] and perhaps even more so in the
field of electrochemical CO2 reduction.

[11–13] The latter bears the
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advantage of studying the half-reaction in a 3-electrode electro-
chemical cell, which facilitates direct correlations between activ-
ity and material properties of the catalyst loaded on the working
electrode. In photocatalysis, it is not possible to study half reac-
tions without the use of scavengers.
We recently developed an interest in CO2 photohydrogena-

tion reaction using H2 as the reductant instead of water. This
reaction is particularly well suited to provide insight into the
technologically relevant chemistry of hydrogenation reactions
– an area currently dominated by heterogeneous thermal and
photothermal catalysis.[14–17] Since room-temperature gas phase
semiconductor-based CO2 photohydrogenation is a rather unex-
plored reaction, with our previous work reporting on it for the
first time using polymer photocatalysts,[18] here, we aim to es-
tablish keymaterial property–photocatalytic activity relationships
using oxide perovskites. Taking inspiration from recent studies
on Al-doped SrTiO3 that showed quantum efficiencies in the
water splitting reaction close to 100%,[1,19] we investigate ma-
terial properties and CO2 photohydrogenation rates of SrTiO3
nanoparticle photocatalysts doped with Ga3+ as a suitable p-block
B-site dopant with well-matched ionic radii (r(Ti4+) = 60.5 pm,
r(Ga3+) = 62.0 pm in octahedral coordination) and La3+ as a suit-
able f-block A-site dopant with reasonably matched ionic radii
(r(Sr2+) = 144 pm, r(La3+) = 136 pm in cuboctahedral coordina-
tion (CN 12)) maintaining Goldschmidt’s tolerance factors close
to 1.[20,21]

There seem to be two major viewpoints on the effect of alio-
valent doping. The works mentioned above attribute the high
conversion yields in Al-doped SrTiO3 to changes in particle mor-
phology, exposing different facet ratios which are suggested to
drive efficient spatial separation of photogenerated charge carri-
ers through anisotropic charge transport.[1,19] Other studies at-
tribute the improved activity to the suppression of Ti3+ mid-gap
recombination centers.[22–24]

This shows that more clarity around the key metrics affecting
the intrinsic activity of perovskite oxide photocatalysts is needed.
Hence, we choose our dopants wisely to only disturb oxygen va-
cancy equilibria without significantly affecting the bandgap and
assess SSA-normalized photoactivity as a proxy for its intrinsic
activity. Even though SrTiO3 is a wide bandgap absorber with
limited solar-to-fuel efficiencies, investigating CO2 photohydro-
genation reactions with SrTiO3 doped with elements from the p,
f, and d blocks in the periodic table will be useful to establish
material property-photocatalytic activity relationships for this re-
action. Ultimately, this approach can help identify the catalytically
active sites, drawing parallels to advances made in electrochemi-
cal CO2 reduction.

[8,25]

2. Results and Discussion

Figure 1 summarizes our findings from photohydrogenation ex-
periments with commercial SrTiO3, Ga-doped, and La,Ga-co-
doped SrTiO3. In the Ga-doped samples, the Ga-dopant concen-
tration (x = [Ga]/[B site cations]) varies between 1–7% and main-
tains a 1:1 ratio with La in the co-doped samples. All doped sam-
ples were synthesized via the sol–gel Pechini route with the final
calcination step at 900 °C. Additional details on the synthesis con-
ditions can be found in Section S1 (Supporting Information).

Photohydrogenation experiments were carried out in a 3:1 ra-
tio of H2:CO2 under irradiation with simulated sunlight (Xenon
lamp, 1 sun, AM 1.5 filter). Full experimental details and time-
dependent photocatalytic data are provided in Section S2 and
Figure S3 (Supporting Information). Under ambient tempera-
tures and pressures, all samples selectively evolved CO, with the
rate of CO production (as measured after 6 h of irradiation) in-
creasing monotonically as the molar dopant concentration x in-
creased (Figure 1a). CO, produced via the reverse water gas shift
reaction H2 + CO2 ⇌ CO + H2O, is expected to be the main
product on SrTiO3.

[26] Often, such trends are immediately inves-
tigated with respect to defect chemistry and its impact on charge
carrier lifetimes.[22] However, before investigating this correla-
tion, we first examined CO production rates normalized by spe-
cific surface area (SSA).
SSA values were obtained from N2 and CO2 adsorption

isotherms (see Section S2 and Figure S4, Supporting Informa-
tion) and are summarized in Figure 1b. Looking at the SSAs ob-
tained from N2 adsorption/desorption isotherms, a nearly linear
increase in surface area is observed as more Ga is incorporated
in the sol–gel Pechini synthesis. The La, Ga-co-doped samples
show≈2.5x smaller SSAs compared to the mono-doped samples,
and the highest Ga concentrations in the mono-doped samples
reached SSAs similar to the commercial SrTiO3. Because we as-
sess CO2 hydrogenation rates, we also collected CO2 adsorption
isotherms, which are typically carried out at room temperature
and hence can shed light on the effect of dopant incorporation on
CO2 adsorption. CO2 has been reported to interact more strongly
with polar surfaces due to the higher quadrupolar moment com-
pared to N2, providing additional insights into surface hetero-
geneity and active sites (such as anion vacancies, microporosity
and -OH groups).[27–32] Furthermore, oxygen vacancies have been
suggested to improve CO2 adsorption, even though no distinc-
tion between an increase in surface area and a true increase in
the affinity of CO2 to the oxygen vacancy-rich surface has been
shown.[13] The CO2 adsorption isotherms shown in Figure S4b
(Supporting Information) yield BET SSAs that are ≈1/3 lower
than those collected fromN2 adsorption but show an almost iden-
tical trend (Figure 1b), namely a nearly linear increase in surface
area as more Ga is incorporated and ≈2.5x smaller SSAs in the
co-doped samples. While we are investigating whether the large
offset between theN2 andCO2 SSAs is due to the temperature dif-
ference in adsorption isotherms as predicted by Arrhenius, here,
the focus remains on the trend in SSAs, which does not suggest
a particularly strong affinity to CO2 at room temperature in the
dark (see Table S1, Supporting Information ratios of SSAs ob-
tained from N2 and CO2 adsorption isotherms), as suggested for
Ce-doped ZnO.[13]

When the CO production rate is normalized for either SSA
(Figure 1c,d), the previously near-linear trend with dopant con-
centration drastically changes. Now, the Gamono-doped samples
exhibit almost identical CO production rates and are intrinsically
not better photocatalysts than our commercial SrTiO3 reference,
in contrast to our previous hypothesis based on reports on similar
materials in the water-splitting reaction.[24] On the other hand,
the SSA-normalized CO2 conversion rates of La, Ga-co-doped
samples approximately double compared to the mono-doped
and commercial SrTiO3, which seems to be linked to intrinsic
differences between the mono-doped and co-doped materials,
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Figure 1. CO2 photohydrogenation with commercial SrTiO3 (grey), Ga-doped (blue), and La, Ga-co-doped SrTiO3 (red). a) Carbon monoxide (CO)
evolution expressed in micromoles of CO produced per gram of catalyst after a reaction time of t = 6 h. b) Specific surface area (SSA in m2g−1) obtained
from N2 physisorption at −196 °C and from CO2 adsorption at 25 °C using the BET analysis. c) CO production rate expressed in micromoles per hour
normalized per BET SSA obtained from N2 physisorption or d) from CO2 adsorption. Multiple repeats have been performed per class of samples. For
the commercial SrTiO3, the same batch was used, while for the SrTi1−xGaxO3-𝛿 and Sr1−xLaxTi1−xGaxO3-𝛿 series, three or two different synthesis batches
are compared.

which we will investigate below. These results underscore the
importance of more research into the intrinsic activity and cau-
tion with data interpretation when rationalizing catalytic behav-
ior. Compared to recent literature on photocatalytic CO2 conver-
sion, our rates compare well with other SrTiO3 based systems
that do not employ a co-catalyst on the surface (compare Table S2,
Supporting Information).We note, that none of those works have
reported their rates normalized to SSA and non-photothermal
photohydrogenation reactions with H2/CO2 reactants are rare.
SSA has been recognized as an important parameter and re-
ported alongside the photocatalytic activity of SrTiO3 for several
decades,[33] but it has not yet become a widely adopted standard.
This is likely because most studies report photocatalytic activity
as the amount of product (inmoles ormoles per gramof catalyst),
typically using stirred particle suspensions. Only recently, activity
has been reported per geometric area in the immobilized photo-
catalyst sheets.[34–36] While suchmetrics are industrially relevant,

they can obscure intrinsic performance comparisons when the
surface area changes alongside other material properties. This
complicates efforts to establish reliable and standardized bench-
marks for photocatalyst performance. Hence, there is a true op-
portunity to be seized for immobilized photocatalyst systems to
report photocatalytic rates per active surface area, which requires
the fabrication of films that are on the order of the light penetra-
tion depth.
To further understand the intrinsically different photocatalytic

activities of the mono- and the co-doped SrTiO3 samples, we
embark on a materials characterization analysis commencing
with a closer look at their structural properties presented in
Figure 2. X-ray diffraction (XRD) patterns in Figure 2a con-
firm that all samples were phase pure, retaining the ABO3 cubic
(Pm3̄m) perovskite structure in excellent agreementwith the PDF
reference card 00-035-0734 for SrTiO3.

[9–11] We note that phase
purity could bemaintained up to a maximumGa content of 15%,
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Figure 2. a) XRD patterns for commercial SrTiO3, SrTi1−xGaxO3-𝛿 , and Sr1−xLaxTi1−xGaxO3-𝛿 samples, where x is the molar doping concentration. The
indexed PDF reference card 00-035-0734 for SrTiO3 is shown for comparison. b) STEM image and corresponding EDSmaps of Sr0.96La0.04Ti0.96Ga0.04O3-𝛿
and c) SrTi0.97Ga0.03O3-𝛿. See Figure S6 (Supporting Information) for the remaining EDS maps for Oxygen and Strontium. d) Representative HR-TEM
image of SrTi0.97Ga0.03O3-𝛿.

after which secondary phases such as TiO2 and SrCO3 were no-
ticeable (Section S1, Figure S2, Supporting Information). Crys-
tallite sizes calculated using the Scherrer equation varied in the
range of 27–55 nm and were on the same order of magnitude as
the nanoparticles in our transmission electronmicroscopy (TEM)
or scanning TEM (STEM) micrographs as shown in Figure 2.
Partial sintering is observed at 900 °C (Figure 2b,c), but

nanoparticles predominantly exhibit single-crystalline SrTiO3
character (see Figure 2d and TEM–Fourier Transform, Figure
S5, Supporting Information). The energy-dispersive X-ray spec-
troscopy (EDS) maps show that in both, Ga-doped and La,Ga co-
doped samples, Ga segregates to grain boundaries and exhibits
a slightly inhomogeneous distribution, with regions of reduced
signal intensity. However, interpretation is limited by the low Ga
content and counts due to significant drift (10–20 nm) and car-
bon deposition during the measurement limiting EDS acquisi-
tion time and hence counts. We also note that the main EDS
peaks for La (L𝛼,1 = 4.65 keV and L𝛼,2 = 4.63 keV) are masked
by the dominant Ti K𝛼 peaks, complicating the analysis. Even
though attempts have been made to collect point EDS spectra on
visibly darker and lighter regions on a particle (only clearly visible
when the images were slightly out of focus, Figure S8, Support-
ing Information), the obtainedGa-concentrations yielded compa-
rable values within the ≈2% measurement error of EDS so they
could not shed light on whether the darker patches are Ga-rich or
Ga-poor regions. However, the results confirm that dopant con-
centrations were consistent with nominal compositions (Figure
S8b, Supporting Information). The presence of La and Ga was
corroborated by XPS (Figures S9 and S10, Supporting Informa-
tion). Since the inhomogeneity in Ga concentration occurs in
both mono- and co-doped samples, the difference in photocat-
alytic activity must arise from other factors, in particular because
Ga does not appear to be an active site in the CO2 photohydro-
genation reaction as evidenced by SSA-normalized CO produc-
tion rates which are comparable to undoped SrTiO3 and inde-
pendent of Ga-concentration.

Figure 3 investigates the optoelectronic properties of our ma-
terials, commencing with the photoluminescence spectra for our
undoped, doped and co-doped SrTiO3 photocatalysts (Figure 3a).
Comparing the undoped SrTiO3 with the Ga-doped samples, a
slightly increased intensity can be observed after Ga-doping, but
the spectral shape remains unchanged. However, the introduc-
tion of La approximately doubles the PL intensity and produces
a single sharp PL peak. Normalized PL data in Figure 3b shows
this more clearly: the two main PL peaks in the undoped and
the Ga-doped SrTiO3 at 3.22 and 3.12 eV are replaced with a sin-
gle strong PL peak at 3.18 eV in the La,Ga-co-doped samples.
The smaller peaks at 3.42 and 2.92 eV are less affected by ei-
ther dopant. In the following discussion, we will refer to the PL
peaks with high intensity and lowest energy as the PLminE peaks
(3.18 eV in the La,Ga-co-doped, and 3.12 eV in the Ga-doped
SrTiO3). To understand this change in the PL spectral shape, we
need to investigate differences in the density of states of the con-
duction band (CB) and/or the valence band (VB). VB XPS spec-
tra in Figure 3c and Figure S11 (Supporting Information) show
the typical VB edge of SrTiO3, as reported previously.

[37] A small
peak below the bulk of the VB density of states (at a binding en-
ergy of≈10 eV) is visible in the Ga-doped samples, and two peaks
(highlighted with asterisks) appear in the La,Ga co-doped sam-
ples, which are more evident with higher molar dopant concen-
tration (Figure S11b,c, Supporting Information). Doping with Ga
shifts the VB spectrum slightly toward higher binding energies.
On the other hand, co-doping with La and Ga slightly shifts the
VB spectrum toward lower binding energies with respect to the
position of the Fermi level, which is set to zero in these measure-
ments. Since we cannot exclude a change in bandgap, reflectance
spectra are shown for Ga-mono-doped samples in Figure 3d and
for La,Ga-co-doped samples in Figure 3e, where the insets show
Tauc plots to extract their indirect bandgaps. Tauc plots for the
remaining samples and those for the extraction of the direct
bandgaps are presented in Section S5, Figure S12 (Supporting In-
formation). Apart from minor changes in the bandgap energies
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Figure 3. a) PL data of commercial SrTiO3, Ga-doped, and La,Ga-co-doped SrTiO3 in absolute and b) normalized intensities. The PL peak with the
highest intensity and lowest energy is marked as PLminE. c) VB-XPS spectra showing the energy difference between the Fermi level (set to zero) and the
fitted VB edge. One sub-VB state is visible in Ga-doped SrTiO3 (see also Figure S11, Supporting Information) and two peaks are visible in the La,Ga-co-
doped SrTiO3 marked with asterisks. d) Reflectance measurements of a representative Ga-doped SrTiO3 and e) La,Ga-co-doped SrTiO3 overlaid with
the reflectance data of commercial undoped SrTiO3 (grey trace). A sub-bandgap absorption feature is highlighted with an asterisk. Insets: Tauc plots
for extracting the indirect bandgap. See Figure S12 (Supporting Information) for the remaining samples. f) Energy diagram representation of the direct
and indirect bandgaps (Eg

direct, Eg
indirect from Figure 3d,e and Figure S8, Supporting Information), PLminE, (from Figure 3b) and the EF-EVB difference

(from Figure 3c and Figure S11, Supporting Information) in relation to the molar dopant concentrations in the samples used in this study. The mid-gap
absorption feature visible in La,Ga-co-doped samples is indicated with an asterisk.

that will be discussed below, a striking observation in the re-
flectance data of the La,Ga-co-doped samples is a weak absorp-
tion feature at ≈515 nm (2.4 eV), which surprisingly does not
increase in intensity with higher dopant concentration of La and
Ga (Section S5, Figure S13, Supporting Information). This ab-
sorption also gives the co-doped samples a faint blue-greyish tone
compared to the bright white powders observed with commercial
and Ga-doped SrTiO3. Figure 3f summarizes the above findings
in a dopant concentration-dependent energy diagram that illus-
trates some key observations. First, La,Ga-co-doping slightly in-
creases the indirect bandgap of parent SrTiO3 from 3.17 to 3.21,
and 3.23 eV in 2% and 4% La,Ga-doped samples, respectively.
To a smaller degree for Ga-mono-doping, the indirect bandgap
increases to 3.19 eV for 1% and 3% Ga doping and 3.21 eV in
7% Ga-doped samples. The direct bandgap of SrTiO3 was mea-
sured to be 3.29 eV, in accordance with the literature,[37,38] and
remains almost unaffected by Ga-mono-doping. Notably, 4% co-
doping with La and Ga increases it to 3.34 eV. While these are
small variations, they were reproducible with a standard devia-
tion of 0.02 eV and are useful for interpreting the distinct PL
spectra of the mono-doped and co-doped samples. For the 4%
La,Ga-co-doped sample the PL exhibits a similar energy shift to
that seen in the optical bandgaps, i.e., the high intensity lowest
energy PLminE peak shifts from 3.12 eV in the undoped and Ga-

doped SrTiO3 shifts to 3.18 eV in the La,Ga-co-doped samples
– a shift of 60 meV. This closely matches the changes observed

in the indirect (Δ Eindirect
g = 3.23 eV − 3.17 eV = 60 meV) and di-

rect (Δ Edirect
g = 3.34 eV − 3.29 eV = 50 meV bandgaps between

these samples. However, the direct bandgap difference between
the undoped and 2% La,Ga-co-doped samples does not follow
this trend. Further analysis of calculated band structure diagrams
may clarify the relationship between the PL peak position and
the direct vs indirect transitions, especially given their energetic
proximity. As seen in Figure 3f, Ga-doping at moderate doping
concentrations (1% and 3%) produces significantly more n-type
SrTiO3 in accordance with examples of Al3+ doping.[39] Lastly,
only the La,Ga-co-doped samples show amid-gap absorption fea-
ture with an energy maximum close to the Fermi-level position
of the majority of our samples, potentially suggesting a mid-gap
state defect equilibrium that causes Fermi-level pinning. Inter-
estingly, the 4% La,Ga-co-doped sample shows a near-intrinsic
Fermi level position.
To further understand these results, we turn to density func-

tional theory (DFT) computed for Ga-doped and La,Ga-co-doped
SrTiO3 sampleswith doping concentrations of 12.5% respectively
(Figure 4). The high doping concentrations of 12.5% resulted
from a 2 × 2 × 2 simulation cell with 40 atoms chosen to assess
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Figure 4. Computed density of states (DOS) diagrams of La,Ga co-doped and Ga-mono-doped materials. a) Main atomic contributions to different
regions of the DOS, including semi-core states, of the co-doped sample showing Ga and La contributions as well as the presence of an uncompensated
oxygen vacancy Vx

O (color center defect). b–e) DOS around the bandgap, for charge uncompensated (b,d) and charge compensated (c,e) cells in the
presence of doping and oxygen vacancies. Two Ti 3d species are shown in (b,d) as a result of the uncompensated oxygen vacancy.

four different configurations with sufficient computational re-
sources. However, calculations using a 3 × 3 × 3 cell, resulting
in an experimentally relevant dopant concentration of 3.7%, did
not significantly change the outcome (see Figure S14a, Support-
ing Information). Figure 4a shows the density of states (DOS)
energy diagram for a La,Ga-co-doped sample with the VB edge
set to zero by convention. This diagram illustrates that the CB
edge is composed predominantly of Ti 3d states, and the VB edge
of O 2p states, as expected.[38] Ga 3d states are located deep in
the VB followed by Sr 4p and O 2s states, which have little to no
contribution to bonding in the range of the band edges and can
be considered semi-core-like. Ga 4s states interact with the O 2p
states in a bonding interaction seen ≈6 eV below the top of the
VB and their antibonding interaction disappears in the highDOS
near the CB edge. Empty La 5d states are found ≈6 eV above the
VB edge in the CB. Occupied Ga 4p states and La d states are hid-
den by the large DOS of O 2p and Ti 3d states at the bottom of
the VB edge (above the Ga 4s states) shown in Figure S14b (Sup-
porting Information). Figure 4a also accounts for the presence
of uncompensated oxygen vacancies, denoted as Vx

O, which carry
their two electrons (F-center defect), forming amid-gap state that
is partially filled with electrons to which both the Ti 3d and O 2p
states contribute. Similar energies for mid-gap absorption states
have been measured and simulated in other oxides with similar
bandgaps, such as ZnO, ZrO2, and TiO2 and have been attributed
to oxygen vacancies as well.[40] The effect of electron occupancy
in the oxygen vacancies on the DOS energy band diagram is fur-
ther explored in Figures 4b–e. Figure 4b is an extract of Figure 4a
(marked by the box), zooming in on the bandgap region.Whereas
Figure 4a shows the contribution of all Ti 3d states to the total
DOS, Figure 4b distinguishes the contribution from Ti4+ species
and Ti3+ species. It is now apparent that Ti3+ 3d states contribute

to theVx
O related states as well as to the CBDOS, whereas (empty)

Ti4+ 3d states only contribute to the CB. If the oxygen vacancy is
fully oxidized (or, in other words, fully compensated), it does not
carry electrons and hence, the mid-gap state and also the Ti3+

species disappear (Figure 4c). Very similar pictures can be drawn
for the Ga-mono-doped samples (Figures 4d,e). Also here, the
occupancy of the oxygen vacancy dictates the formation of a mid-
gap state. The F-center defect we assess here can be interpreted
as a TixTi − Vx

O − TixTi ↔ Ti′Ti − V ⋅⋅
O − Ti′Ti complex with two reso-

nance forms, indicating the shared electrons between the oxygen
vacancy and its Ti neighbors.
Before we relate these band diagrams to our data, we canmake

use of the Kröger–Vink notation in the following set of equations
to elucidate how La and Ga doping could affect the formation of
oxygen vacancies and their occupancy in light of the Fermi-level
position in our samples.
The commercial SrTiO3 is n-type, which is typically attributed

to the presence of oxygen vacancies that function as electron
donors via

Vx
O ⇌ V ⋅⋅

O + 2e
′

cb (1)

forming the above-mentioned TixTi − Vx
O − TixTi ↔ Ti′Ti − V ⋅⋅

O −
Ti′Ti complex by donating these electrons to the Ti 3d CB and
forming Ti3+ 3d states. Singly-occupied oxygen vacancies might
occur as well, but here we focus on the two extremes – the fully
ionized and the fully occupied oxygen vacancy for simplicity –
since we do not see evidence for the singly-occupied vacancy in
our experiments or calculations.
Considering Ga doping under oxygen-poor conditions, likely

present during our synthesis under light air flow, we can write:
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Ga2O3

SrTiO3(
or TiO2

)
→ 2GaxTi + 3Ox

O + Vx
O (2)

to show that Ga is incorporated on a Ti lattice site, creating an
oxygen vacancy to fulfill the stoichiometry of the lattice (here
considering only B-site doping, i.e., TiO2 stoichiometry). For-
mally, Ga3+ is oxidized to fulfill the neutral condition of the lattice
site (the equivalent of a Ti4+ state), whereas the oxygen vacancy is
charge-neutral, carrying those two electrons provided by the Ga3+

upon its formal oxidation. Ga could act as an electron acceptor,
and oxidize the top of the VB:

2GaxTi +Ox
O ⇌ 2Ga

′

Ti + V ⋅⋅
O + 1

2
O2 (3)

If the Ga site is near an F-center, it can equilibrate via

2GaxTi + Vx
O → 2Ga

′

Ti + V ⋅⋅
O (4)

ionizing the oxygen vacancy instead. In both cases, Ga seems to
form oxidized oxygen vacancies instead of creating mobile VB
holes that would induce p-type conductivity, which was observed
in Rh3+-doped SrTiO3 (likely due to significant Rh 4d character
of the VB edge).[37] This is in line with our observation that Ga-
doping slightly raises the Fermi level at low concentrations (as per
Equations 1–3) and remains close to the values of undoped com-
mercial SrTiO3 in higher doped samples via the compensation
equilibrium in Equation (4) (Figure 3f; Figure S11, Supporting
Information).
La is incorporated very likely on the A-site due to its size, giving

rise to the following equation:

La2O3

SrTiO3
(or SrO)

→ 2LaxSr + 2Ox
O + 1

2
O2 (5)

In the presence of Ga, equilibration would then occur via
charge compensation

2LaxSr + 2GaxTi
SrTiO3
→ 2La⋅Sr + 2Ga

′

Ti (6)

leaving the oxygen vacancy created upon Ga-doping
(Equation (2)) in a neutral (unionized) state. Overall, we ob-
tain:

Ga2O3 + La2O3

SrTiO3
→ 2La⋅Sr + 2Ga′Ti + 5Ox

O + Vx
O + 1

2
O2 (7)

O2 could be introduced into the lattice, annihilating the neutral
oxygen vacancy as per Equation (8):

Vx
O + 1

2
O2 ⇌ Ox

O (8)

Equation (8) would lead to a more stoichiometric and thus
intrinsic material, and could explain the Fermi level in the 4%

La,Ga-co-doped sample, which is very close to the middle of the
bandgap (Figure 3f).
Even if La is not able to equilibrate with Ga via Equations (6)

and (7), it could compensate with an ionized oxygen vacancy as
follows

2LaxSr + V ⋅⋅
O

SrTiO3
→ 2La⋅Sr + Vx

O (9)

also creating a color center.
Now we can attempt to draw a qualitative comparison between

the DFT-calculated DOS diagrams of Ga-doped and La,Ga-co-
doped SrTiO3 samples presented in Figure 4 and our experimen-
tal results from VB-XPS, UV–vis, and PL spectra presented in
Figure 3.
Figure 5 shows this comparisonwith the computational results

plotted on the left for themono- and co-doped SrTiO3 in the pres-
ence of F-centers, Vx

O (c.f. Figure 4a,b,d) and the experimental re-
sults of our doped samples on the right. We note that the VB edge
was set to zero in the left-hand side DOS data as well as in the
right-hand side experimental XPS data and the PL data was plot-
ted with respect to this zeroing of the VB edge. This allows us to
see that our experimental and theoretical datamirror one another
rather well. The VB XPS spectra are in good agreement with the
DFT calculations with the latter showingmore fine structure. We
can compare the state that is attributed to Ga 4s in the DFT cal-
culations to a small peak in the VB XPS spectra below the main
O 2p VB even though the binding energies do not fully match up
as DFT calculates a narrower VB (≈5 eV) compared to the one
we observe in our VB XPS data (≈6 eV, see Figure 3c). However,
a discrepancy is observed in the La,Ga-doped sample with 4% co-
doping which shows two small peaks below themain VBwhereas
in the calculated DOS only the Ga 4s states are visible. While this
needs further experimental verification, we find that the large VB
DOS also shows contributions from the Ga p and La d states hid-
den within the O 2p-based lower VB edge (Figure S14b, Support-
ing Information). These might be more stabilized than our DFT
calculations predict, accounting for the second peak in the La,Ga-
co-doped samples.
Comparing the PL data with our DFT CB states, we observe

that they also qualitatively mirror one another well, even though
our DFT calculations report ground-state DOS.
Looking at the region marked with (A), we observe that both,

the DFT-calculated DOS (left) and the PL spectrum of Ga-doped
SrTiO3 (right) show the two strong peaks discussed as the 3.12
and 3.21 eV peaks in Figure 3b whereas the DOS and PL spec-
tra of the La,Ga-co-doped samples show both only one strong
peak situated between those two peaks of the Ga-doped SrTiO3.
The PLminE peak at 3.18 eV in the La,Ga-co-doped samples is very
close to the direct and indirect bandgaps as determined via Tauc
plots (Figure 3), and so by comparison, we link the radiative re-
combination process (A) to the Ti 3d CB states of Ti4+ species
surrounded by lattice oxygen (TixTi −Ox

O). These states are likely
populated upon excitation and radiatively recombine with the
O 2p VB holes, emitting at 3.18 eV. As such, it could be seen
as band-to-band recombination or as near-band-edge emission,
potentially phonon-mediated as suggested previously.[41,42] Simi-
larly, in the Ga-mono-doped samples, the two largest DOS peaks
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Figure 5. Qualitative comparison of density of states (DOS) DFT calculations (left) and valence band (VB) XPS, UV–vis and PL experiments (right) for
Ga-mono-doped (blue) and La,Ga-co-doped (red) samples. DFT calculations are shown for dopant concentrations of 12.5% for samples with uncom-
pensated oxygen vacancies. For assignments of PL peaks A–D) and the DOS contributions, please refer to the main text. Note also the Fermi level range
of most samples (marked in grey) and the asterisk (* in red) that marks the UV–vis absorption peak at 2.4 eV visible in Figures 3e,f.

on the left can be correlated to the two most intense PL peaks at
3.12 and 3.21 eV on the right. Currently, it is not clear from our
calculations and experiments why the Ga-mono-doped and the
undoped SrTiO3 samples show these two distinct peaks in con-
trast to the sharp peak in the co-doped samples.We speculate that
this might be related to lattice distortions upon doping with La,
affecting the band structure diagram, which will be investigated
in future work.
There is a lower energy shoulder peak at 2.92 eV marked as

(B) in Figure 5, which can be linked to the Ti 3d states that also
form a shoulder at the bottom of the CB edge DOS. This shoul-
der is more prominent in the compensated materials with ion-
ized oxygen vacancies (Figure 4c,e). A blue emission at 2.8 eV
in SrTiO3 has been previously assigned to the recombination of
an electron in a singly positive electron polaron-V ⋅⋅

O complex with
a VB hole.[43] This agrees with our assignment (B), that is, the
shoulder peak in the DOS is likely created by a Ti lattice site ad-
jacent to an ionized oxygen vacancy, V ⋅⋅

O, giving the Ti a higher
effective nuclear charge, thereby lowering its energy compared
to a Ti site in a stoichiometric lattice. This can be viewed as a
TixTi − V ⋅⋅

O doubly positively charged complex, which can form the
singly positively charged complex mentioned in literature upon
excitation of a VB-electron, causing the emission at 2.92 eV when
recombining back to the ground state. This emission shoulder is
present in the mono-doped samples and, though weaker, is also
observed in the co-doped samples, suggesting that our materials
have a contribution from both the DOS of the materials with un-
compensated and those with compensated (ionized) oxygen va-
cancies. This is also corroborated by the weak PL peak at 2.5 eV
present in the La,Ga-co-doped samples, but also weakly visible in
the Ga-mono-doped (and undoped) samples (Figures 3b and 5).
This peak ismarked as process (C), whichwe cannot easily assign

to a specific recombination process in our diagrams, as it is also
controversially debated in the literature. However, we can state
that the presence of neutral oxygen vacancies (F-centers) form-
ing the mid-gap state is likely causing this emission and also
the absorption feature, which falls into the same energy range
(marked in Figure 5 by the same asterisk we used in the UV–
vis reflectance spectra in Figure 3e). The absence of the absorp-
tion feature at 2.4 eV (Figure 3d) and also the weaker PL peak
at 2.5 eV in the Ga-mono-doped samples (Figure 3a,b) suggests
that the concentration of Vx

O is lower than in the La,Ga-co-doped
samples, as Equations (3), (4), and (7) predict. To further corrobo-
rate our assignment of the 515 nm feature to the oxygen vacancy
equilibrium, we exploited the reaction in Equation (8), compar-
ing the UV–vis spectra of a La,Ga-co-doped sample pre- and post-
annealing at 500 °C in high-pressure (50 bar) oxygen atmosphere
(Figure S15a, Supporting Information). The mobility of oxygen
and oxygen vacancies through the lattice only becomes apprecia-
ble at 750 K (or ≈477 °C).[44] After 6 h, the 515 nm feature de-
creased its intensity to 30% of the original peak area. We subse-
quently re-annealed the sample used in Figure S15a (Supporting
Information) at 900 °C in air, where oxygen and oxygen vacancy
mobilities are expected to be higher. Figure S15b (Supporting In-
formation) shows that the sharp 515 nm absorption feature is no
longer identifiable, and instead, a broader but shallow dip in re-
flectance can be observed across the visible/NIR region. These
experiments showcase the sensitivity of the 515 nm feature to
the oxygen environment under temperatures that allow for mo-
bile lattice oxygen and oxygen vacancies.
Interestingly, Figure 5 also shows that for the majority of

our samples, the Fermi-level is located in the range of this
Vx
O-caused mid-gap state, which we assigned to the TixTi − Vx

O −
TixTi ↔ Ti′Ti − V ⋅⋅

O − Ti′Ti complex. This would suggest a partially
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filled state (e.g., resulting from a Jahn–Teller-stabilized Ti t2g elec-
tron interacting with O 2p states), which pins the Fermi level and
is likely sensitive to the oxygen vacancy redox behavior according
to Equation (1).
Finally, the other shoulder peak at 3.42 eV in the PL (marked

as process (D) in Figure 5), could then be assigned to the empty
Ti 3d CB states formed by Ti3+ sites as seen in Figure 4b,d. This
is supported by the DOS diagrams in Figure 4c,e for fully ionized
oxygen vacancies that lack the presence of this peak in the upper
CB and is in good agreement with previous studies.[45]

Relating our findings on the defect chemistry and electronic
structure of doped SrTiO3 (Figures 3–5) with their photocat-
alytic performance in the CO2 hydrogenation reaction (Figure 1),
we observe a correlation between enhanced CO evolution rates
and key material features in the La,Ga-co-doped photocatalysts
such as sharper andmore intense photoluminescence (PL) peaks
and the presence of F-centers (oxygen vacancies filled with elec-
trons or, using the Kröger-Vink notation, TixTi − Vx

O − TixTi ↔
Ti′Ti − V ⋅⋅

O − Ti′Ti complexes).
While sharper and stronger PL signals are commonly inter-

preted as indicators of improved semiconducting properties, as
shown in many photovoltaic works,[46] F-centers have often been
considered detrimental to photoactivity. For example, in water
splitting photoelectrodes, oxygen vacancies and mid-gap states
have been associated with charge carrier recombination and re-
duced performance,[47–50] and improved photocatalytic hydrogen
evolution activity in SrTiO3 was previously attributed to the sup-
pression of Ti3+ mid-gap recombination centers.[22–24] However,
our results studying the CO2 photohydrogenation reaction with
H2 as a reductant, rather than water, might offer a different per-
spective. Our results suggest that the presence of F-centers does
not appear to be detrimental to the activity and thus, they do
not seem to function as trap states. This could be due to the
faster kinetics of H2 oxidation, in contrast to the sluggish oxy-
gen evolution reaction, in combination with the small size of our
nanoparticulate photocatalysts, both facilitating fast hole extrac-
tion. However, further studies are needed to unravel if and how
F-centers enhance photocatalytic rates. For example, it should
be investigated if they might act as catalytically active sites or
might enhance the reaction rate indirectly through decreasing
the concentration of electron localization sites (e.g., in V ⋅⋅

O − TixTi
states just at the bottom of the conduction band, as shown in
Figures 4c,e, and 5).

3. Conclusion

Our work crystallizes a few key points to be considered in future
studies in photocatalysis. First, we emphasize that any insights
gained into structure-function correlations were only made pos-
sible by normalizing photocatalytic activity to the specific sur-
face area (SSA) of our catalysts, which allowed us to disentangle
improvements due to increased surface area from those arising
from enhancements in opto-electronic properties. This is only
possible if the light penetration depth is on the order of the film
thickness. In our study, we used thin nanoparticle films inspired
by the photocatalyst sheet device.[51] However, we acknowledge
that light penetration depth is not clearly defined in stirred cat-
alyst suspensions, and hence, accounting for surface area might
not be easily feasible or suitable for those systems.

Second, plotting our DFT results alongside experimental data,
including photoluminescence (PL), UV–vis spectroscopy, and
valence band X-ray photoelectron spectroscopy (VB-XPS), proved
extremely valuable in constructing an experimentally supported
picture of the electronic structure. This comparative analysis re-
vealed a striking mirror image relationship: the PL spectra pro-
vided insights into the shape of the conduction band edge in our
SrTiO3 samples, while the combined interpretation of VB-XPS,
PL, and UV–vis data not only mapped the VB and defect levels
but also clarified that the Fermi level is pinned at the F-center. We
encourage the construction of similar experimentally supported
DOS diagrams to see if PL spectra are also a useful metric to trace
the conduction band states in other materials and to understand
the energetics of defect states such as color centers and their ef-
fect on Fermi level pinning in more detail.
Third, we identify two material properties that seem to play

a role in enhancing the activity of our La,Ga-co-doped SrTiO3
photocatalysts in the CO2 photohydrogenation reaction, namely,
a distinct narrow PL spectral shape of higher intensity, and the
presence of a mid-gap state, which we attribute to F-centers (neu-
tral oxygen vacancies). Although furthermechanistic insights are
needed to fully clarify the role of F-centers in CO2 photohydro-
genation, our findings suggest that color centers do not con-
tribute negatively to CO2 photohydrogenation activity of our cat-
alysts and hence do not seem to function as detrimental hole or
electron traps.
Finally, we highlight the CO2 photohydrogenation reaction

with H2 as the reductant as a versatile reaction of industrial rele-
vance. It is typically explored only in thermal or photothermal het-
erogeneous catalysis. As such, there is an opportunity to develop
tailored photocatalysts in future works through the understand-
ing of keymaterial properties. Themethodology developed in this
work for normalizing the photocatalytic activity of immobilized,
doped SrTiO3 by their SSA enables a more direct assessment of
intrinsic electronic effects. This approach provides a foundation
for the rational design of tailored photocatalysts for CO2 photohy-
drogenation and for further investigation of the role of F-centers.

4. Experimental Section
Synthesis, photocatalysis, and surface area experimental procedures

are reported in Sections S1 and S2 (Supporting Information).
XRD data were collected over a 2𝜃 range of 20°–80° with a step size

of 0.02° and 24.77 s step−1 with a PanAnalytical MPD operated at 40 kV
and 40 mA using Cu K𝛼 radiation (𝜆 = 1.5419 Å). To estimate the mean
crystallite size, the Scherrer equation was applied DScherrer =

K𝜆
𝛽 cos 𝜃

, where

DScherrer is the mean crystallite size. K is a shape factor set to 0.9, 𝜆 is
the wavelength of the X-rays (0.154 nm for Cu K𝛼 radiation), 𝛽 is the full
width at half maximum (FWHM) of the peak, and 𝜃 is the Bragg angle. The
peaks were fitted using a Gaussian function, and LaB6 was chosen as the
standard to account for the instrumental broadening.

TEM and STEM-EDS characterization in Figure 2 was carried out using
a JEM-ARM300F2 GRAND ARM microscope equipped with double SSD
EDS detectors at 300 kV acceleration voltage. The sample was drop-casted
onto a TEM copper grid with carbon support, which was mounted in a
High-Count-Analytical Double Tilt holder to optimize for EDS counts and
reduce instrument spurious signals. TEM images in Figure S5 (Supporting
Information) were acquired with a JEOL2100 operated at 200 kV. Images
and EDS spectra in Figure S8 (Supporting Information) were acquired with
a JEOL2100F equippedwith an EDS detector. FFT analysis has been carried
out using the software ImageJ and Crystal Maker. During the optimization
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of the synthesis method, samples with several Ga concentrations were
synthesized and exhibited structural and electronic properties consistent
with the rest of the series. Representative Ga-doped SrTiO3 samples were
used in microscopy characterization, justified by the fact that across the
1–7 mol% Ga series of samples, the SSA-normalized rate of CO photoevo-
lution remains unchanged.

XPS data were taken with a Thermo Scientific K-alpha+ using
monochromatic Al K𝛼 X-ray radiation with h𝜈 = 1486.6 eV. For the analysis,
a very thin layer of sample powder was loaded on a carbon tape. Sample
charging was minimized by using a flood gun. Charge correction of the
samples was done by referencing to the adventitious carbon in C 1s peak
with a binding energy of 284.8 eV. CasaXPS suite was used for peak fitting.
The EVB-EF separation was calculated from the intersection of the linear
regressions of the linear region of the valence band and the background.

UV–vismeasurements were carried out at room temperature on a UV-
2600 Shimadzu instrument using an integrating sphere to collect diffuse
reflectance spectra from dry powders loaded in a 2 mm thin quartz cu-
vette. Reflectance data was converted to the equivalent of the absorption

coefficient using the Kubelka–Munk equation, F (R) = k
s
= (1−R)2

(2R)
, to gen-

erate Tauc plots, where k is the absorption coefficient, s is defined as the
scattering coefficient and R is the diffuse reflectance of an opaque layer of
powder referenced to BaSO4 (where opaque means that there is no trans-
mittance of light in the spectral region). The bandgap is calculated from

the Tauc plot
(
F (R)∗ hv

)𝛾 = B
(
hv − Eg

)
extracting the indirect (𝛾 = 1∕2)

and direct (𝛾 = 2) bandgaps by intersecting the linear regressions of the
slope and the background.

PL was collected with a Cary Eclipse Fluorescence Spectrophotome-
ter (Agilent Technologies) instrument with a Xenon flash lamp as a light
source. Dry powders in a 2 mm quartz cuvette were excited with 295 nm,
and emission spectra were collected over a range of 350–500 nm at room
temperature in air.

DFT Spin-polarized density functional theory (DFT) simulations were
carried out with the Quantum-ESPRESSO code.[52,53] Vanderbilt ultrasoft
pseudopotentials were employed,[54] and wavefunctions were described
with a plane-wave basis set up to energy cutoffs of 40 and 480 Ry for
wavefunctions and densities, respectively. Exchange and correlation were
treated at the level of Generalized-Gradient Approximation (GGA) in the
formulation of Perdew, Burke, and Ernzerhof (PBE).[55] Strong Coulomb
interaction due to the localized 3d states of Titanium was taken into ac-
count with a Hubbard U correction,[56–58] with a value of U = 4.2 eV taken
from the literature.[59,60] Van der Waals interaction was included through
Grimme’s D3 semi-empirical potential.[61] Metallic occupations were en-
forced with a Marzari–Vanderbilt scheme[62] and a smearing of 0.02 Ry.
Integrations in the first Brillouin zone were performed on grids equiva-
lent to (4 × 4 × 4) k-points in the unit cell. All atomic positions and cell
parameters were relaxed until forces were smaller than 10−3 a.u. To distin-
guish between Ti3+ and Ti4+ species, the density of states was projected
on (pseudo)atomic orbitals of individual atoms which is used to calculate
the Lowdin pseudo-atomic charge and spin by integrating all projections
on all orbitals of an atom. It is possible then to distinguish Ti4+ and Ti3+

either from the change in charge or in spin. However, it is commonly ob-
served that changes in Lowdin charges are usually small (≈0.1 electronic
charges), while the spin delivers a much clearer signature of the oxidation
state of the titanium atoms, with Ti4+ having a total spin smaller than 0.1
while Ti3+ can be distinguished via a spin between 0.9 and 1, in agreement
with the ideal picture of a reduced titanium ion.[63]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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