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1. Introduction

In 1972, Fujishima and Honda intro-
duced hydrogen (H2) generation approach 
based on photocatalytic water splitting 
using titanium dioxide (TiO2) as a photon 
absorbing semiconductor.[1] Key to the 
underlying photocatalytic reactions is that 
photogenerated charge carriers, gener-
ated in the semiconductor, can migrate 
to the material’s surface and react with 
red-ox species in the environment. On 
the one hand, excited electrons from the 
conduction band can react with H+ in 
the aqueous solution to form H2, while 
holes on the valence band are consumed 
in an adequate oxidation reaction.[2–4] This 
simple and green concept has become the 
most investigated strategy for the devel-
opment of clean and sustainable energy. 
Despite a large number of semiconductors 

explored for photocatalytic H2 generation from water,[5–7] TiO2 
is still the most intensively investigated photocatalyst, not only 
due to its suitable energetics for a direct (external bias-free) 
water splitting but even more due to its outstanding resistance 
to photo-corrosion.[2–4] Solar-driven H2 production from plain 
water by TiO2-based photocatalysts has been intensively inves-
tigated.[8] However, the efficiency of the reported TiO2-based 
photocatalytic water splitting without sacrificial agents for H2 
productivity is still relatively low for application.[9–11]

In any case, in order to reach a high photocatalytic activity, 
generally, a semiconducting light absorber needs to be condi-
tioned to provide a high surface area and sufficient reactive sites. 
For TiO2-based photocatalysts, typically, different nanoscale mor-
phologies are used, such as nanotubes, nanosheets, and most 
frequently, nanoparticles (NPs), that are crystallized to anatase 
and/or rutile phases. The two polymorphs have a bandgap of 
3.2 and 3.0  eV, respectively. Although rutile has a narrower 
bandgap, anatase often shows superior photocatalytic perfor-
mance compared to rutile, due to higher electron mobility and 
lower internal charge carrier recombination losses.[12] A particu-
larly effective phase combination is the commercial photocata-
lyst Degussa P25, which consists of anatase (≈80%) and rutile 
(≈20%) phases. The synergetic effect of the phases in view of 
photocatalytic activities is often ascribed to grain internal phase 
junctions, which provide enhanced electron–hole separation.[13] 
Nevertheless, also other significant differences, namely in the 
nature of the electronic surface- and interface states between 
anatase and rutile have been pointed out.[14–16]

For more than 20 years, Pt/TiO2 represents the benchmark photocatalyst/
co-catalyst platform for photocatalytic hydrogen (H2) generation. Here, single 
atom (SA) Pt is decorated on different polymorphs of TiO2 (anatase, rutile, 
and the mixed phase of P25) using a simple immersion anchoring approach. 
On P25 and anatase, Pt SAs act as highly effective co-catalyst for pure water 
splitting with a photocatalytic H2 evolution activity (4600 µmol h−1 g−1)—on 
both polymorphs, SA deposition yields a significantly more active photocatalyst 
than those decorated with classic Pt nanoparticles or conventional SA deposi-
tion approaches. On rutile, Pt SAs provide hardly any co-catalytic effect. Most 
remarkable, for P25, the loading of Pt SAs from precursor solution with a very 
low concentration (<1 ppm Pt) leads already to a maximized co-catalytic effect. 
This optimized efficiency is obtained at 5.3 × 105 atoms µm−2 (at macroscopic 
loading of 0.06 at%)—for a higher concentration of Pt (a higher density of SAs), 
the co-catalytic efficiency is significantly reduced due to H2/O2 recombination. 
The interactions of the SA Pt with the different polymorphs that lead to this high 
co-catalytic activity of SA Pt at such low concentrations are further discussed.
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Independent of the polymorph, when using plain titania for 
photocatalytic H2 formation, the electron transfer from TiO2 
surfaces to the aqueous reactant is very sluggish. This issue is 
usually addressed by placing suitable co-catalysts on the TiO2 
surface that mediate the electron transfer reaction.[17] Such co-
catalysts most frequently are noble metal nanoparticles such 
as Pt, Au, or Pd.[18–20] Due to the high work function of these 
noble metal particles, photoexcited electrons can be scavenged 
from the conduction band of the TiO2, which diminishes unfa-
vorable electron–hole recombination reactions. This behavior is  
often characterized by the formation of a Schottky junction 
between the semiconductor TiO2 and the noble metals.[21] In 
addition to this electron trapping effect, some metals, particu-
larly Pt, facilitate the combination of 2 H0  → H2 and thus,  
additionally facilitate H2 formation. Both factors (Schottky junc-
tion and facilitated H2 recombination) are generally perceived 
as playing a key role in the enhanced H2 production from Pt-
decorated TiO2 photocatalysts.

Traditionally, these co-catalysts are Pt nanoparticles that are 
deposited on semiconductors by either wet impregnation with 
a Pt precursor combined with a reduction treatment using, for 
example, wet NaBH4 reduction or dry H2 annealing,[22,23] or 
alternatively, photoreduction of Pt precursors.[24] The reduction 
steps lead to the formation of metallic nanoparticles of var-
ious sizes on the surface of the photocatalysts.[22–25] However, 
platinum as a noble metal is comparably expensive, therefore, 
technological efforts have aimed for years at replacing the Pt 
with more abundant material. More recently, various efforts try 
to enhance the Pt utilization efficiency (minimize the loading) 
without sacrificing the photocatalytic reaction rates. One 
approach is to maximize the surface-to-volume ratio of the Pt 
co-catalyst by shrinking its cluster size—in the most extreme 
case to a single atom (SA) level.[26–28] In fact, over the past 
few years, the use of highly dispersed platinum single atoms 
on supporting semiconductor surfaces has attracted widely 
increasing interest and substantial research efforts.[26–29]

In the case of TiO2, pioneering work by Yang et al. showed 
that Pt SAs can be loaded onto anatase powders using impreg-
nation/annealing techniques.[26] The authors revealed that 
single PtO units on anatase can provide a very high co-activity 
for photocatalytic H2 generation. Moreover, the authors deduced 
that clusters of PtO allow reaching turnover frequencies (TOF) 
of up to 1200 h−1 in presence of a sacrificial agent.[30] In contrast 
to these findings, later work reported the highest co-catalytic 
activity for metallic Pt particles of ≈1 nm in diameter, regardless 
of the phase of the supporting titania (anatase or mixed phase 
P25).[31] A common feature of these works is the use of thermal 
treatments and/or thermal reduction of Pt-impregnated sub-
strate for preparing SA decorated titania. These treatments 
allow to fix the precursor species on the substrate and further 
reduce them to active surface pinned Pt SA sites. In the mean-
time, a range of different titania/SA-cocatalyst approaches have 
been explored.[32,33] In contrast to these approaches, we recently 
reported that SA trapping can be achieved on defect-engineered 
TiO2 layers[34–36] or defects of TiO2 nanotubes grown by anodi-
zation on Ti metal.[37–39]

In the present work, we trap Pt as SA on nanoparticulate 
titania of the most relevant polymorphs (anatase, rutile, or 
mixed phase P25 nanoparticles) by immersion of the pow-

ders in an H2PtCl6 precursor solution over extended times and 
investigate the photocatalytic H2 evolution from plain water. 
The most remarkable result is, however, that the precursor 
solutions can be of a very low Pt content, which results in an 
overall Pt loading on P25 of only 0.06 at.% to reach a maxi-
mized photocatalytic efficiency (i.e., <1 ppm Pt in the solution 
is sufficient to harvest Pt SAs on P25 mixed-phase TiO2 powder 
to achieve the most effective saturated co-catalytic effect).

2. Results and Discussion

In the first set of experiments, we deposited Pt single atoms on 
the different polymorphs of the TiO2 nanoparticles (i.e., anatase, 
rutile, and P25) by exposure to a 0.005  mm H2PtCl6 solution 
for 24 h (details are given in the Experimental Section). After 
rinsing and drying, we measured the powders for the photo-
catalytic H2 generation activity from a deionized H2O using a 
365 nm LED (600 mW cm−2) for illumination and H2 detection 
by gas chromatography (GC), as described in the Experimental 
Section. Figure 1a shows a comparison of the photocatalytic H2 
evolution from the different polymorphs after deposition. In 
Figure  1b, the photocatalytic performance of the SA decorated 
titanias are further compared to TiO2 decorated with Pt nanopar-
ticles using conventional Pt nanoparticle deposition approaches 
(Pt NPs-P25).[22,24,25] We also included results using a classic SA 
deposition method taken from literature,[40,41] which used an 
impregnation/reduction approach for SA deposition. As we will 
show below, our immersion approach leads to Pt SA deposition 
on all titania surfaces. From Figure 1a,b, the SA deposited P25 
(Pt SA-P25) produces an approximately two times higher H2 
amount as compared to Pt SA-anatase; that is 4600 µmol h−1 g−1  
versus 2000 µmol h−1  g−1 and ≈20  times higher H2 production 
than Pt SA decorated rutile (≈100  µmol  h−1  g−1). That is, on 
rutile, the H2 production rate is almost as low as for the non-Pt-
decorated polymorphs. A similar trend in H2 evolution perfor-
mance (P25 > anatase >> rutile) is also observed for the different 
polymorphs, if instead of SAs they are loaded with Pt NPs.

Determination of the Brunauer–Emmett–Teller (BET) spe-
cific surface area for the different powder samples (Figure  1cA) 
shows that the specific surface area of the anatase powder is 
similar to the P25 and approximately two times higher than for 
rutile. In other words, the differences in photocatalytic H2 pro-
duction cannot be ascribed to the different specific areas of the 
powders. Atomic absorption spectroscopy (AAS) analysis of the 
total amount of Pt loaded on the different polymorph samples by 
immersion (Figure 1cB) shows a very similar level of Pt loading 
on the different polymorphs., that is, the strongly different H2 
evolution for the different polymorphs also cannot be ascribed 
to a significantly different Pt loading. Moreover, Figure S1, Sup-
porting Information, shows a comparison of the mass normalized 
photocatalytic activity (H2 production per mg loaded Pt as deter-
mined from AAS) for all samples considered in this study. Corre-
sponding TOF is calculated in Figure S2, Supporting Information.

Please note that the performance of SA Pt deposited from 
the 0.005  mm precursor solution outperforms Pt deposited in 
nanoparticle form on any polymorph, as well as using a liter-
ature-based SA deposition approach based on impregnation/
reduction applied to the different polymorphs.[40,41]
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Figure  1d–f shows high-angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM) images of 
the three samples after deposition from the 0.005 mm H2PtCl6 
solution (additional data is shown in Figure S3, Supporting 
Information). From all HAADF-STEM images, one can clearly 
identify Pt SAs that are uniformly distributed over the sur-
face of the samples. From several HAADF-STEM images, 
we evaluated a SA density of ≈6.4 × 105  µm−2 for anatase, 
7.8  ×  105  µm−2 for rutile, and 5.3 × 105  µm−2 for P25. Trans-
mission electron microscopy energy-dispersive X-ray spec-
troscopy (TEM-EDX) characterization (performed in the area 
depicted in Figure S4a–c, Supporting Information) shown in 
Figure S4d–f, Supporting Information, shows the presence of 
Pt in the Pt SA-P25, Pt SA-anatase, and Pt SA-rutile samples. 
Elemental mapping shows a uniform dispersion of Pt on the 
surface (Figure S5, Supporting Information). Extended SEM 

studies (examples are shown in Figure S6, Supporting Infor-
mation) show no trace of Pt aggregation, which reflects the 
uniform dispersion of the SAs on the substrate. In contrast, 
as expected, clearly visible Pt nanoparticles with an average 
size of ≈4 nm are obtained by classic photodeposition, as evi-
dent from the inset in Figure  1b (and Figure S7, Supporting 
Information).

Please note that the total amount of Pt loaded in the form 
of NPs is similar to the total amount of Pt loaded via SAs 
(Figure S8, Supporting Information) and shows also the same 
sequence of H2 evolution performance P25 > anatase >> rutile 
as for the SAs. From Figure S1, Supporting Information, Pt 
decoration in the form of SAs on P25 is approximately six to ten 
times more effective than using Pt nanoparticles, and loading 
the SAs on P25 is approximately four times more effective than 
loading them on anatase.

Figure 1.  a) H2 evolution time courses for Pt SA-P25, Pt SA-anatase, and Pt SA-rutile samples prepared by immersion deposition, and for Pt NPs-P25 
prepared by photodeposition. b) Comparison of the open circuit H2 evolution rates for rutile, anatase, and P25 nanoparticles loaded with Pt SA 
by immersion deposition (0.005 mm), Pt NPs by photodeposition, Pt SA (Ref. 1),[40,41] and Pt NPs (Ref. 2)[22] by impregnation/reduction methods.  
c) A: Comparison of the specific surface area of P25, anatase and rutile measured by BET. B: Comparison of the Pt loading amount on P25, anatase, 
and rutile loaded with Pt SA by immersion deposition method measured by AAS. d–f) HAADF-STEM images of Pt SA-anatase, Pt SA- rutile, and Pt 
SA-P25 prepared using 0.005 mm H2PtCl6 solution by immersion deposition.
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X-ray photoelectron spectroscopy (XPS) spectra of the Pt 4f 
and Cl 2p regions for the SA decorated TiO2 polymorphs are 
shown in Figures 2a and 2b, respectively. Clear Pt 4f7/2 and 4f5/2 
doublet peaks at 71.9 and 75.2 eV are observed for Pt on anatase, 
rutile, and P25, while the Cl 2p region in every case shows only 
noise—the latter indicates that the Pt signals originate from 
surface-trapped Pt rather than from surface-adsorbed Pt-chloro-
complexes (the split of the chloro-coordinated precursor Pt 
species when reacting with the surface). The peak position for 
the attached Pt, that is, Pt 4f peak at ≈72 eV corresponds well 
with literature for Ptδ+ with δ ≈2 (as widely described for Pt SAs 
that are coordinated with surface oxygen atoms from TiO2).[34] 
In contrast to the samples that carry Pt SAs, the samples 

decorated with Pt NPs (Figure 2c) show Pt 4f peaks at 70.1 and 
73.5 eV, which correspond well to the Pt 4f position of metallic 
Pt0 (bulk).

In addition, we performed X-ray absorption near-edge 
spectra (XANES) and X-ray absorption fine structure (EXAFS) 
measurements of all three powders after immersion deposi-
tion. The normalized XANES spectra measured at Pt L3-edge 
(11.564 eV) suggests that all the samples bear positively charged 
Pt centers as shown in Figure 2d. The extended EXAFS analysis 
and the corresponding Fourier transformed radial distribution 
function (FT) showed the presence of a Pt-O as the first shell 
around 1.5 Å (phase uncorrected) and the second shell between 
2.8–2.9  Å as shown in Figure  2e. The equivalent spectra in 

Figure 2.  a,b) XPS spectra of Pt SA-P25, Pt SA-anatase, and Pt SA-rutile in the Pt 4f (a) and Cl 2p (b) regions prepared using 0.005 mm H2PtCl6 solu-
tion by immersion deposition. The fitting in (a) is for photocatalyst of Pt SA-anatase. c) XPS spectra in the Pt 4f region for Pt NPs-P25 (prepared by 
photodeposition). All the Pt SA-decorated samples were prepared by immersion deposition using a 0.005 mm H2PtCl6 solution. d) XANES spectra at 
Pt L3-edge of the as-synthesized photocatalysts (prepared using 0.005 mm H2PtCl6 solution). Pt foil and PtO2 are also shown as references. e) FT k3-
weighted EXAFS spectra of all the photocatalysts (prepared using 0.005 mm H2PtCl6 solution) together with the reference foil and oxide.
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the k-space are shown in Figure S9, Supporting Information, 
which also indicates the presence of Pt-O as the major contri-
bution. On further analysis of the first shell with EXAFS fitting 
parameters (taking crystallographic information file of PtO2), 
coordination number between 2 and 3 was obtained in all 
the samples as reported in Table S1, Supporting Information. 
A comparative analysis of the second shell by taking Pt-O-Pt 
and Pt-O-Ti paths found that Pt-O-Ti fits better than Pt-O-Pt, 
as shown in Figures S10 and S11, Supporting Information. The 
corresponding free parameter values are reported in Tables S1 
and S2, Supporting Information. Hence, the second shell scat-
tering is most likely from the Ti of the support.

Overall, the results in Figure 2 reflect the presence of titania-
oxygen co-ordinated δ+ Pt SA states on the TiO2 polymorphs 

after immersion deposition, while metallic (Pt0) nanoparticles 
are produced by photodeposition. In previous work, we showed 
that Pt(Cl)6

2− reacts with intrinsic Ti3+-Ov states in TiO2, that is, 
the attachment of SAs is based on a galvanic displacement.[36,38]

To evaluate the effect of the Pt SA loading concentration 
and the H2 evolution performance of TiO2 polymorphs, we 
performed immersion deposition using different concentra-
tions of the precursor solution (i.e., from 0.0005 to 2 mm) and 
measured the H2 evolution for the resulting photocatalysts 
(Figure 3a,b). Evidently, a higher Pt concentration in the pre-
cursor solution, results in a higher loading (Figure 3e), and the 
performance of the H2 generation from anatase (Figure  3b) 
can reach the values of P25 (Figure  3a), as seen for example 
for an H2PtCl6 concentration of 0.05  mm. Nevertheless, it 

Figure 3.  a,b) H2 evolution time courses by Pt SA loaded TiO2 samples in DI H2O under the illumination of a 365 nm LED (600 mW cm−2): a) Pt SA-P25; 
b) Pt SA-anatase. c) XRD patterns of the pristine and Pt SA decorated TiO2 polymorphs. d,e) Comparison of the Pt loading amount on Pt SA-P25, Pt 
SA-anatase, and Pt SA-rutile measured by d) XPS and e) AAS. f) Recombination measurements for photocatalysts of Pt SA-P25 and Pt SA-anatase 
immersion deposited in different concentrations of H2PtCl6 solution.
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is remarkable that for P25, a maximum H2 evolution perfor-
mance can be achieved already from a ten times more dilute 
precursor solution (0.005  mm). Please note that deposition 
from the 10 x more concentrated 0.05  mm solution does not 
further improve the activity of the P25 sample and with even 
higher Pt concentrations in the precursor, the H2 production 
activity drops drastically. The hydrogen production rate slightly 
accelerates over time (Figure 3a,b), which can be attributed to a 
process of light-induced Ti3+-Ov defect formation in the initial 
state of illumination.[42,43]

X-ray diffraction (XRD) patterns for the different TiO2 
polymorphs before and after Pt SA immersion deposition 
from a 0.005  mm precursor solution are shown in Figure  3c. 
According to the XRD patterns, all samples are highly crystal-
line and contain either pure anatase (PDF#21–1272), pure rutile 
(PDF#21–1276), or a mixture of both anatase and rutile phases 
(in the case of the P25).

Pt cannot be detected on any sample by XRD but can be eval-
uated by XPS and the bulk concentration by AAS. Figure 3d,e 
shows the amount of Pt determined by XPS (Figure 3d) and by 
AAS (Figure 3e). Noteworthy is that at a higher Pt level in the 
precursor, P25 accumulates a higher amount of Pt than anatase 
or rutile—this is most pronounced for the highest investigated 
concentration (2 mm).

Overall, for the three polymorphs after immersion deposi-
tion at low concentrations of the precursor aqueous solution 
(0.005 mm), a very similar Pt content was found from XPS and 
AAS. The Pt is present as Ptδ+ with δ ≈2 on anatase, rutile, and 
P25. It can be concluded that on all polymorphs, Pt SAs are 
present, and this with a similar loading. Therefore, the superior 
H2 evolution performance shown by Pt SA-P25 (Figure  1a,b) 
stems neither from a different morphology or chemical state 
of the Pt co-catalyst nor a different SA loading but from the 
intrinsically higher activity of the SA Pt on the mixed-phase. 
Second, it is remarkable that at higher Pt concentrations, a sig-
nificant drop in activity is observed. In order to assess possible 
reasons, we considered the influence of the competing recom-
bination reaction of the reaction products, that is, the back reac-
tion H2 + O2 → H2O. As widely described in the literature, this 
back-reaction is also catalyzed by Pt.[44–46] Figure  3f shows the 
results according to recombination measurements for the Pt 
SA decorated powders. Clearly, at low Pt concentrations, the 
SAs decorated on anatase and P25 do hardly affect the recom-
bination reaction. The kinetics is similar to the neat titania 
powder. However, for samples obtained from a higher concen-
tration (2 mm) precursor solution, significant recombination is 
obtained for both Pt SA on anatase and Pt SA on rutile. This 
enhanced recombination for higher concentrations can be 
ascribed to the higher probability of agglomerated SAs that are 
expected (like Pt nanoparticles) to facilitate the recombination 
reaction.[44–46] No oxygen evolution during the photocatalytic 
tests was detected by GC measurements. The lack of O2 evo-
lution has been widely observed for TiO2-based photocatalysts. 
It is commonly ascribed to the formation of surface-bound 
Ti-peroxo-species[47,48] or H2O2

[49] as a predominant reaction 
pathway for photogenerated holes. To exclude the effects of the 
light absorption properties, we measured the influence of the 
Pt loading (see Figure S12, Supporting Information). Although 
P25 loaded with higher amounts of Pt SAs shows a higher 

absorbance, the increase in absorption of the relevant excitation 
wavelength of 365 nm cannot account for the observed strong 
alterations of Pt loading on the H2 generation.

The three powders, as characterized by XRD in Figure  3c, 
were further investigated by photoluminescence (PL) spectra, in 
order to gain some insights into relevant recombination path-
ways. The PL in Figure 4a for anatase shows a double peak at 
530 and 650 nm, this peak-pair is surface state related[16] and is 
strongly quenched upon attachment of Pt SAs. In other words, 
the extraction of e− onto Pt SAs suppresses the red PL sur-
face state recombination path effectively. In the case of rutile, 
the near-infrared photoluminescence (NIR-PL) with a peak at 
830 nm (Figure 4b) is caused by bulk recombination[14] and Pt 
SAs (correspondingly) do not suppress this PL. These findings 
are in agreement with literature that describes for anatase a 
dominant e–-h+ recombination path via surface states. This 
recombination path can evidently effectively be suppressed 
by SAs. As this path is dominant for rutile, the photocatalytic 
activity can hardly be affected by surface-attached Pt SAs for 
this polymorph.

In the case of the mixed-phase P25 (Figure  4c), clearly, a 
strong effect of the surface decoration with Pt SAs can be 
observed. The literature considers that in P25, the internal 
recombination in the rutile part is strongly reduced due to a 
swift charge carrier separation across the internal anatase-rutile 
junction.[16] As a result, the surface state-related PL (peaking at 
542 nm in Figure 4c) on the anatase part of the grain becomes 
apparent. This surface-related recombination path on P25 then 
can be quenched by small amounts of Pt SA surface decora-
tion., that is, Pt SA decorated on the TiO2 (anatase and P25) 
reduce the recombination of electron–hole pairs and serve as 
mediators to accelerate the photogenerated electron transfer to 
H+ in aqueous solutions.[33]

In order to further characterize the nature of the Pt SAs on 
the three polymorphs, we studied CO adsorption using dif-
fuse reflectance infra-red spectroscopy (DRIFTS, Figure 4d–f), 
which was carried out with 1% CO diluted in Ar in a contin-
uous flow. All the samples showed CO vibrational frequency at 
2096 cm−1, which is characteristic of linearly bonded CO over Pt 
single site (usually Ptδ+).[50–52] On the continuous flow of CO, a 
second peak appears in the range of 2050–2070 cm−1, which can 
be assigned to linearly bonded CO over small Pt° clusters.[52,53] 
These clusters are formed under the CO atmosphere. On 
flowing Ar afterward, the CO peaks remain in a similar region 
as shown in Figure S13, Supporting Information, indicating 
that CO binds strongly to the Pt species. Clearly, for all three 
titania forms, the Pt SA decoration shows the presence of Pt 
SAs (evident from the peak at 2096 cm−1).

This additionally confirms the presence of a similar type of 
SAs on the three polymorphs. Vice versa, this further shows 
that a difference in the chemical valence of the SAs is not 
responsible for the differences in the activity of the SAs on the 
different polymorphs.

Finally, we evaluated the long-term performance of the 
Pt SA-P25 photocatalyst (generated with a minimum amount of 
Pt loading on P25) in order to establish if this exceptional perfor-
mance is stable over time. For this, we performed a 12 h illumi-
nation test with the P25 sample decorated using the 0.005 mm 
Pt precursor solution (Figure 5a). Overall, an almost linear trend 
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of H2 evolution is observed in the initial 6 h of irradiation, fol-
lowed by a slight drop in activity (Figure  5b). Moreover, XRD 
characterization for the Pt SAs decorated TiO2 polymorphs after 
12 h illumination (Figure S14, Supporting Information) did not 
show any structural deterioration of the photocatalysts.

3. Conclusion

We describe in the present work a successful decoration of Pt 
single atoms on pure anatase, pure rutile, and mixed-phase 
(P25) TiO2 polymorphs by a simple immersion technique 
(this is, without any post-annealing or other subsequent treat-
ments of the samples). This immersion approach leads to 

oxygen-coordinated Pt SAs (with δ+≈2) and an outstanding 
activity of the single atom Pt decorated P25 and anatase pol-
ymorphs reaching 4600  µmol g−1 h−1 for Pt SA density of 
≈5.3  ×  105  µm−2 on P25. This is a remarkable activity of the 
photocatalyst in the context of literature data,[33,54] and even 
more so, considering that the total loading of Pt on this sample 
is only 0.06 at.%. If compared to the conventional nanoparticu-
late Pt co-catalysts, Pt SA loading yields a higher H2 evolution 
performance and significantly higher Pt utilization. In view of 
SA deposition techniques, the immersion process also allows 
to control the amount of Pt loaded onto the supporting TiO2 
by adjusting the concentration of the platinum precursor solu-
tion. This allows to maximize the use of Pt—in our investiga-
tions, the highest (maximum) activity of SA-decorated titania 

Figure 4.  a–c) Photoluminescence spectra of pure TiO2 and Pt SA decorated TiO2 powders for a) Pt SA-anatase, b) Pt SA-rutile, and c) Pt SA-P25 pre-
pared using 0.005 mm H2PtCl6 solution by immersion deposition. d–f) DRIFTS spectra of d) Pt SA-anatase, e) Pt SA-rutile, and f) Pt SA-P25 prepared 
using 0.005 mm H2PtCl6 solution by immersion deposition.

Figure 5.  a) H2 evolution time course for Pt SA-P25 in DI H2O under the illumination of a 365 nm LED (600 mW cm−2) and b) the corresponding H2 
evolution rates.
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was achieved using as low concentration as 0.005 mm H2PtCl6 
on the mixed P25 phase and 0.05  mm H2PtCl6 for anatase of 
loading of 0.06 at.% and 0.31 at.%, respectively.

Based on the above observations, one may therefore 
deduce that i) a minute amount of Pt SAs is able to provide 
a very high degree of co-catalytic efficiency on P25 (a SA den-
sity of 5.3  ×  105  µm−2 can provide an H2 production rate of 
4600  µmol  g−1  h−1); ii) for higher Pt SA concentrations, the 
recombination reaction of H2 + O2 → H2O affects the H2 pro-
duction detrimentally; iii) the beneficial effect of P25 is due 
to its embedded junction. This effect particularly is relevant 
(in comparison to anatase), if the Pt SA surface density is low.

Pt SA loading on rutile has hardly any effect on the H2 pro-
duction rate. The results overall show that not the presence of 
SAs is the main factor to enhance the photocatalytic H2 produc-
tion on the different titania polymorphs but its most efficient 
effect is the suppression of charge carrier recombination if 
relevant surface states are present. The observed effect of only 
loading of 0.06 at.% on P25 is remarkably high also in the con-
text of previous approaches reported in the literature (Table S3, 
Supporting Information).

4. Experimental Section
Preparation of SA Pt Decorated Photocatalysts: Pt SA decoration of TiO2 

nanoparticles (anatase, rutile, and P25) was carried out in an immersion 
process. For this, commercial TiO2 nanoparticles of three types (Degussa 
TiO2 P25, pure anatase, or pure rutile, Sigma-Aldrich) were used. The 
nanoparticles were dispersed in an aqueous solution of H2PtCl6, which 
was used as a platinum precursor. The concentration of H2PtCl6 in the 
solution was varied (0.0005, 0.005, 0.01, 0.05, and 2 mm) for the controlled 
loading of Pt SAs. The prepared suspension (0.2 g L−1) was placed in a 
sealed vessel, purged with Ar for 20 min, and then continuously stirred 
in the dark for 24 h. Upon completion, the nanoparticles were washed 
by centrifuging and rinsing with deionized water three times. Finally, the 
washed powders were collected and dried in air at 70  °C for 12 h, and 
thus, Pt SA decorated samples (denoted as “Pt SA-P25”, “Pt SA-anatase”, 
or “Pt SA-rutile”, correspondingly) were obtained.

For comparison, TiO2 nanoparticles were also decorated with metallic 
Pt nanoparticles using a conventional photodeposition process. In 
this approach, the titania nanoparticles (20  mg) were suspended in 
10 mL of methanol:water (1:1 volume ratio) mixture containing 0.5 µm 
H2PtCl6 (which corresponds to ≈0.5 wt% Pt loading on the suspended 
nanoparticles). The suspension was then purged with Ar and illuminated 
by a 365  nm  LED (170  mW  cm−2) for 3 h. After illumination, the 
nanoparticles were washed via centrifuging and rinsing with deionized 
water three times, followed by drying in air at 70  °C for 12 h. These 
samples are referred to as “Pt NPs”.

For additional comparison, the deposition of Pt SAs or NPs on 
titania was also carried out via conventional impregnation/reduction 
methods.[22,40,41] For the Pt NPs deposition, NaBH4 was used as a 
reducing agent. For this, a suspension of titania nanoparticles (500 mg 
P25) in a 30 µm H2PtCl6 (which corresponds to ≈0.5 wt% Pt loading on 
the suspended nanoparticles) aqueous solution (400 mL) was prepared 
and stirred for 2 h. Next, ammonia solution (32 vol%) was added to the 
suspension under continuous stirring until a pH of ≈11 was established. 
Next, 10  mL of a 7.2  mm NaBH4 aqueous solution was added to the 
suspension (which corresponds to a ratio of B:Pt = 6:1), and the 
suspension was stirred for another 2 h. The nanoparticles were further 
centrifuged and rinsed with deionized water three times, followed by 
drying in air at 70 °C for 12 h.[22] For the Pt SA deposition, P25 powder 
(200 mg) was dispersed in an aqueous solution of HCl (0.1 m, 20 mL). 
An aqueous solution of H2PtCl6 (10 mg mL−1, 0.2 mL) was subsequently 
added into the dispersion and stirred for 24 h at room temperature. The 
precipitate was separated, washed, and dried under vacuum at 60 °C for 

12 h. The as-above precipitate was calcined in a furnace at 400 °C for 1 h  
and then was treated in a tube furnace at 160 °C for 1 h under the 5% 
H2/Ar atmosphere.[40,41]

Photocatalytic H2 Evolution: Photocatalytic H2 evolution by the Pt 
decorated TiO2 samples obtained above was studied using their aqueous 
suspensions (2 mg of powder per 10 mL of H2O). The suspensions were 
poured into a sealed quartz cell, purged with Ar, and illuminated with 
a 365 nm LED (600 mW cm−2) under continuous stirring. GC (GCMS-
QO2010SE, Shimadzu) measurements were conducted at specific 
irradiation intervals to evaluate the amount of H2 generated.

H2/O2 Recombination Measurements: H2/O2 recombination by the 
Pt-decorated TiO2 samples was studied using their aqueous suspensions 
(2 mg of powder per 10 mL of H2O). The suspensions were poured into a 
sealed quartz cell and purged with Ar for 20 min. 1 mL of pure hydrogen 
and oxygen was injected into the quartz cell. Under continuous stirring for 
different times in the dark, GC measurements were conducted at specific 
intervals to evaluate the amount of H2 and O2 that remained unreacted.

Photocatalyst Characterization: The morphology and elemental 
composition of the powdered photocatalysts were assessed by a field-
emission scanning electron microscope (SEM, Hitachi S-4800) equipped 
with an energy dispersive X-ray spectroscopy (EDAX Genesis) (XRD). The 
crystal structure of the samples was evaluated using XRD measured on an 
X’pert Philips MPD (equipped with a Panalytical X’celerator detector) using 
a graphite monochromatic CuKα radiation (λ = 1.54056 Å). The distribution 
of Pt SAs on the surface and the elemental composition of the samples 
were further studied by high-angle annular dark-field scanning transmission 
electron microscopy (HAADF-STEM) and transmission electron microscopy 
energy-dispersive X-ray spectroscopy (TEM-EDX), respectively, using a 
high-resolution transmission electron microscope (HRTEM, FEI TITAN G2 
60–300). Surface chemical composition and oxidation states were evaluated 
by X-ray photoelectron spectroscopy (XPS) (PHI 5600), and all XPS spectra 
were calibrated with the Ti 2p peak to 458.5  eV. Peak deconvolution was 
carried out by MultiPak software. The total loading of the powders with 
Pt was determined by electrothermal atomization AAS using a graphite 
furnace with a contra 600 spectrometer (Analytik Jena AG) equipped 
with a high-resolution Echelle double monochromator and a continuum 
radiation source (Xe lamp). The specific surface area was determined 
using the Brunauer–Emmett–Teller approach at p/p0  = 0.05–0.2. Room 
temperature steady photoluminescence spectra measurements in the 
ambient atmosphere were performed using a HeCd laser (λ  = 325  nm) 
as the excitation source. Diffusive reflectance spectra of Pt decorated P25 
powders were measured by a fiber-based UV–vis–IR spectrophotometer 
(Avantes, ULS2048) equipped with an integrating sphere AvaSphere-30 
using AvaLight-DH-S-BAL balanced power light source.

X-ray Absorption Spectroscopy (XAS): XAS of the catalyst powders 
were measured at Pt L3-edge (11.564  eV) at the BM23 beamline at the 
European Synchrotron Research Facility (ESRF), Grenoble, France. The 
energy was calibrated with a reference metal foil. An Si (111) double crystal 
monochromator was used to scan the incident energy. The measurements 
were conducted in transmission mode (for reference samples diluted 
with cellulose) and in fluorescence mode (in a quartz capillary without 
any dilution). XAS data reduction and fitting were carried out using 
the Demeter software packages.[55] Data reduction (alignment and 
normalization) was performed using the Athena code (version 0.9.26). 
The k range between 3 and 11.0 Å−1 and R-value between 1–3.2 Å were 
considered for the fit. Amplitude reduction factor, 0

2S , was derived from 
the corresponding metallic foil to determine the coordination number. 
The EXAFS equation that was considered for deriving the data is given by

e e sin 22
2

2
2 2 2

k S N
f k
kD

kD ko
i

i
i

i

D
k k

i i

i

i∑χ δ( )( ) ( ) ( )= +λ σ( )−
− 	 (1)

where, 2So is the amplitude reduction factor, N is the degeneracy of the 
scattering path, f(k) is the scattering function, k is the wavenumber, D 
or R is the distance between absorber and scatterer, λ is the mean free 
path of the photoelectron, σ2 is the mean square radial displacement 
also known as Debye–Waller factor, δ is the phase shift of the couple 
absorber/scatterer, and i represents a particular number of shell. The 
goodness of the fit is given by R-factor.
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Diffuse Reflectance Infra-Red Spectroscopy (DRIFTS): CO adsorption-
DRIFTS investigations were carried out on a VERTEX 70 FTIR 
spectrometer (Bruker) equipped with a Harrick in situ diffuse reflectance 
cell covered with a CaF2 window. 100–200 μ catalyst sieve fraction was 
used for the measurements. Catalysts were purged with Ar via mass 
flow controller and heated to 353 K to remove the physisorbed species 
over 1 h. The resulting spectra collected were in reflectance (R) mode at 
room temperature between 1000–4000 cm−1 with a spectral resolution of 
6 cm−1. The spectra were reported according to the Kubelka–Munk (KM) 
model by converting the reflectance according to the following equation.

( )=
−1
2

2

KM
R
R

	 (2)

For background scans, 200 spectra were collected under He or Ar 
flow, and for the samples, 150 scans were collected per measurement. 
The measurements were performed continuously for 1 h. The online gas 
mixture was constantly monitored by a quadrupole mass spectrometer.

The turnover frequency (TOF) was calculated by the following 
equation:[56–58]

( ) ( )=
×

−TOF h
Moles of evolvedH

Moles of Pt onphotocatalysts Reaction time
1 2

h
	 (3)
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