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a classic catalyst-support but also the most studied semicon-
ductor for photocatalytic H2 generation, a number of SA de-
position approaches have been reported[41–44] but notably the
most recent studies that investigate in detail SAs and their re-
activity on TiO2 supports (e.g.,[45–47]) load the Pt SAs using
this classic SEA concept. This approach was originally devel-
oped by Brunelle,[48] Cotescu,[49] and Regalbuto[37,38] and up to
today is considered to be the key strategy in wet noble-metal
catalyst loading on an oxide surface. Catalyst preparation usu-
ally consists of a wet impregnation step (see, e.g.,[36,45,46,50,51])
followed by thermal post-treatments to achieve the active and
anchored entity.
Underlying this strategy is that hydroxyl groups that popu-

late oxide surfaces in aqueous solutions become deprotonated
and thus negatively charged at a pH value above the point
of zero charges (PZC).[52–54] As a consequence, at pH values
above the PZC of an oxide, the surface would strongly adsorb
cations such as tetraamine platinum, [(NH3)4Pt]

2+ in an alkaline
environment.[54–56]

In catalytic literature, it is widely perceived that this SEA ap-
proach, in general, is superior to other approaches, due to the
strong noble-metal attachment and the high loading that can be
achieved while maintaining a high metal dispersion.[53,57,58] The
concept has accordingly been widely used to attach Pt SAs to
many substrates, including TiO2 (see, e.g., reference [45–47]).
In contrast to the SEA strategy, some recent works[59–69]

used for SAs deposition on TiO2 nanostructures – including
tubes,[60,61,66] flakes,[64,65] and powders[67–69] – an acidic H2PtCl6
precursor solution. In the process, a surface reaction is reported
that reduces the Pt4+ precursor to surface-bound Pt�+ SA species
where � ≈ 2 – i.e., in this case, a reductive (thus reactive) de-
position of Pt on TiO2 takes place that we thus want to re-
fer to as SA “reactive deposition” approach.[62,63,68,70,71] Some
works reported the resulting Pt SAs to be very effective for
photocatalytic H2 generation by such reactive deposition,

[61,65,68]

particularly when deposited from low precursor concentrations
(ppm levels).[67]

Due to the underlying conceptual opposition to the SEA con-
cept and considering the fundamentally differentmechanisms of
SEA-based and “reactive” attachment, it is of high scientific and
technological interest to evaluate the reactivity differences in the
resulting SAs. In this work, we therefore systematically compare
Pt SAs loaded titania produced via the classic SEA with “reactive”
deposition.
While previous work used nanoscale powders or 3D arrays that

provide a large surface area for anchoring SAs and for optimizing
the overall performance,[47,61,67] formechanistic studies, they pro-
vide a less-than-ideal configuration due to the inherent structural
complexity.
Therefore, in the present work, we use direct current (DC)

sputter-deposited anatase thin films as the semiconductive plat-
form for photocatalytic H2 evolution. These compact, flat layers
provide a simple and defined geometry for illumination and char-
acterization, in terms of loading and distribution of SAs. The lay-
ers were produced and characterized as described previously[72]

and as briefly given in the Experimental Section.
Overall, we find that a reactive attachment based on hex-

achloroplatinic(IV) acid (H2PtCl6) leads directly to SA configura-
tion with a much higher specific activity than achieved with SEA

– and this at a significantly lower Pt loading and without post-
deposition treatments.

2. Results and Discussion

As mentioned above, as a photocatalytic substrate for our inves-
tigations, we use DC sputter deposited anatase layers[72] that pro-
vide amost straightforwardmorphology and geometry for illumi-
nation as well as characterization of loading and SA distribution.
For photocatalytic H2 evolution measurements, we use these lay-
ers in a thickness of 200 nm (described and characterized in pre-
vious work[72] and in Figure S1, Supporting Information). For
transmission electron microscopy (TEM) investigations, 7 nm
thick anatase films were used that were fabricated under the
same sputter deposition parameters on photolithographically de-
fined TEM supports as described in the Experimental Section
and in previous work.[63] These layers allow obtaining high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images of the anatase surfaces and atomic res-
olution for deposited Pt single atoms.
In order to place Pt SAs on the surface via SEA, we followed

common literature procedures.[45,46,73] For anatase TiO2 the PZC
is ≈5–6[74] and hence anionic interactions are expected at pH
values lower than 5–6 and cationic interactions at pH > 7 (the
SEA range). Accordingly, in the first set of experiments, the Pt-
SEA-deposition was done using cationic Pt(II) complex from
(NH3)4PtCl2 at 0.005 mM, 2 mM, and 10 mM at pH = 12.7, i.e.,
under typical SEA conditions.[38] This was compared to the reac-
tive deposition of Pt SAs from an anionic Pt(IV) complex from a
very dilute 0.005 mM H2PtCl6 solution (pH = 5.4). For compari-
son, we also immersed our surfaces in an anionic Pt(II) solution,
namely a 0.005 mM (NH4)2PtCl4 solution (pH = 5.4).
After immersion and drying, HAADF-STEM images

(Figure 1a–c) clearly show that in the reactive case as well
as the high and low concentration SEA case, decoration is
predominantly present in the form of SAs on the anatase TiO2

surface (the lattice spacing of 0.35 nm corresponds to the
(101) planes of anatase). STEM elemental mapping (Figure S2,
Supporting Information) combined with a scanning electron
microscope (SEM) confirms the uniform distribution of Pt and
the absence of crystallized Pt agglomerates on the surfaces
by reactive deposition. While SAs are distinctly present on all
treated surfaces, it should be noted, however, that for the 10 mM
SEA loading, some SAs are mildly agglomerated to 2D rafts
(some examples are marked with orange circles in Figure 1c).
From several HAADF-STEM images (examples are provided in
Figures S3 and S4, Supporting Information) we performed a
detailed evaluation of the size distribution of Pt sites (Figure S5,
Supporting Information) and evaluated an average surface site
density for each decoration approach. The site density results as:
Figure 1 a) 3.73 × 105 µm−2 for 0.005 mM H2PtCl6, b) 2.73 ×

105 µm−2 for 0.005 mM (NH3)4PtCl2, and c) 9.40 × 105 µm−2 for
10 mM (NH3)4PtCl2. I.e., the low concentration reactive and SEA
deposition lead to a comparable Pt site density, while the high
concentration SEA – to ≈3 times higher site density (clusters
of Pt atoms located in close proximity were treated as single
sites). Note also that the reference deposition from a 0.005 mM
(NH4)2PtCl4 leads to a similar Pt site density of 1.43 × 105 µm−2

(Figure S6, Supporting Information). This Pt(II) chlorocomplex
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Figure 1. HAADF-STEM images of Pt-SA-decorated TiO2 anatase layers treated in a) 0.005 mM H2PtCl6, b) 0.005 mM (NH3)4PtCl2 and c) 10 mM
(NH3)4PtCl2. d) Table of Pt loading on TiO2 anatase layers prepared by reactive deposition (0.005 mM H2PtCl6 and 0.005 mM (NH4)2PtCl4) and SEA
approach (0.005 mM, 2 mM, and 10 mM (NH3)4PtCl2 at pH = 12.7). e) Photocatalytic H2 evolution for the different samples as a function of time.
f) Mass-specific H2 evolution rate for Pt-SA-decorated sputtered layers prepared by reactive deposition and SEA approach.

precursor (NH4)2PtCl4 was used with a pH adjusted to match
the H2PtCl6 solution, in order to compare the behavior of Pt(IV)
and a Pt(II) anionic chloro-complex precursors.
A more averaged quantitative assessment of the Pt loading

can be obtained from X-ray photoelectron spectroscopy (XPS).
Figure 1d gives a comparison of the loading on the 200 nm thick
anatase layers for the SEA and reactive deposition approach
(and for some other reference samples). Well in line with TEM,
the effective surface loading from different concentrations in
the SEA approach range from 0.68 at% (the highest precursor

concentration) to 0.13 at% (the lowest precursor concentration),
and the loading from the reactive approach of 0.17 at% is very
similar to the lowest concentration of SEA. The (NH4)2PtCl4
sample delivered a loading of 0.12 at%, i.e., similar to the loading
of the Pt(IV) sample.
Using the SEA approach allows, in line with expectations

from literature, to deposit SAs frommuch higher precursor con-
centrations than using the reactive approach (the comparison
of deposition yields by the two methods is provided in Table S1,
Supporting Information) – attempts to use 2 mM H2PtCl6 lead
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to relatively stronger aggregation, see e.g., Figure S7 (Supporting
Information). For similarly low precursor concentrations, SEA
and reactive deposition (at low concentrations) lead both to
well-dispersed SAs with a comparable density – this is well in
line with expectations from literature.[61,67,75,76]

Most remarkable is, however, the different performance of
these differently SA-decorated surfaces when tested for photocat-
alytic H2 production from a methanol/water solution. Figure 1e
shows the amount of photocatalytically produced H2 over time
under a 365 nm LED (65mW/cm2) illumination. From the slopes
of the curves in Figure 1e, we obtained the H2 production rates,
and if normalized to the Pt loading (XPS data in Figure 1d), the
differences become even more apparent (Figure 1f). Evidently,
the far highest H2 performance is obtained for Pt SAs deposited
from the dilute 0.005mMH2PtCl6 solutionwith an effective load-
ing of 0.17 at%. TheH2 evolution reaction rate is≈5 times higher
than using SEA with 2000 times higher precursor concentration.
Or in other words, the highest Pt surface concentration of 0.68
at% from SEA corresponds to a 4 times higher SA density than
from the reactive deposition from H2PtCl6, nevertheless, the lat-
ter reactive deposition approach leads to SAs that show 5 times
higher mass-specific activity than deposition using SEA. A simi-
lar drastically lower (5 times) reactivity is obtained if SAs are de-
posited from the Pt(II) precursor (NH4)2PtCl4. This illustrates the
strongly more active nature of SAs deposited from the Pt(IV) pre-
cursor, see also additional comparisons in Figure S8 (Supporting
Information).
Figure 2a provides XPS high-resolution spectra of the Pt4f re-

gion for the used metal precursors. The corresponding peak fit-
tings are shown in Figure S9 (Supporting Information). In the
precursors, clearly, the expected Pt(IV) species with binding en-
ergy of Pt4f7/2 at 75.2 eV (H2PtCl6) and Pt(II) with binding en-
ergy of Pt4f7/2 at 72.7 eV in (NH3)4PtCl2 and in (NH4)2PtCl4
can be identified, respectively. Figure 2b shows the Pt4f spectra
for TiO2 surfaces loaded with Pt SAs using different precursors.
After reactive attachment, the chemical state of the SAs is Pt�+

with a nominal charge of � ≈ 2, consistent with our previous
works.[62,63,68] I.e., in the attachment process, the Pt(IV) precur-
sor reacts to a surface coordinated Pt�+ state. For (NH4)2PtCl4 and
(NH3)4PtCl2, the initial Pt(II) state is observed also after surface
adsorption for 10 mM, 2 mM, and 0.005 mM loadings. From the
N1s peak in Figure 2c it is apparent that for the amine complex,
the N coordination to Pt is largely maintained. This is particu-
larly evident for the higher precursor concentrations where an N
to Pt ratio of 3–4: 1 can be extracted (Table S2, Supporting In-
formation) – this is well in line with an attachment of the intact
[(NH3)4Pt]

2+complex for the (NH3)4PtCl2 precursor.
But this is in stark contrast to the H2PtCl6 precursor for

reactive deposition; in this case, not only the Pt has reacted
from Pt(IV) to Pt(II), but also in the attachment reaction, the
Cl−coordination is entirely lost (Figure 2d). For the H2PtCl6,
the attachment reaction – in agreement with literature – leads
to surface coordination of Pt�+ SAs coordinated with surface
oxygen.[63,67]

The fundamental difference in the attachment is easily visi-
ble in electronic paramagnetic resonance (EPR) spectra shown in
Figure 2e,f for powdered reference samples (only powders allow
for sufficiently accurate EPRmeasurements). The signature con-
sists of a response at g = 1.98 and at g ≈ 1.95 that can be ascribed

to titania-oxygen vacancies (Ti3+-Ov) embedded in the lattice and
to surface-exposed Ti3+-Ov states, respectively.

[77–79]

Evidently, SEA only mildly alters this EPR signature (in line
with SEA literature[45]). In contrast, reactive deposition leads to
a significant decrease in the surface Ti3+ signature (in line with
related work[60,61,63]) – this is a direct consequence of Ti3+ reac-
tion with a Pt4+ precursor species in a galvanic displacement re-
action (Pt4+ + 2Ti3+ → Pt2+ + 2Ti4+). Additionally, only in the EPR
spectra after reactive deposition, a strong signal corresponding to
paramagnetic Pt+/Pt3+ cations (g≈ 2.15)[80] can be detected. This
has been previously ascribed to electronic coupling of Pt2+ sites
with oxide support.[81] The fact that the Pt+/Pt3+ signal does not
appear after SEA deposition signifies the absence of such a cou-
pling.
We further performed X-ray absorption spectroscopy (XAS)

measurements for Pt SAs species produced by SEA and reac-
tive deposition approaches (Figure S10, Supporting Informa-
tion). The X-ray absorption near edge structure (XANES) spec-
tra confirm the presence of positively charged Pt centers (Pt�+)
in both samples (Figure S10a, Supporting Information), and X-
ray absorption fine structure (EXAFS) analysis shows for both
samples a very similar radial distribution function (Figure S10b,
Supporting Information) with a maximum signal at 1.59–1.63 Å.
This can be expected as Pt2+ in a Pt–N coordination (SEA) and in
Pt–O coordination have very similar coordination lengths.[82,83]

Generally, a reactive deposition can also indirectly be ob-
served from UV–vis spectra (Figure S11, Supporting Informa-
tion). Please also note that hydrolysis of the precursor H2PtCl6
is the key to the formation of the active coupling agent. I.e.,
in the most active state of a 0.005 mM H2PtCl6

[84] solution
Pt(Cl)x(OH)y(H2O)z species are present

[85–89] – with increasing
dilution, OH− and water ligands become dominant[85] – this is
key to the loss of Cl species in the reaction. If we suppress Cl−

and OH− ligand exchange, by adding NaCl or HCl to the precur-
sor, surface uptake of Pt and SA-reactivity are strongly suppressed
(see Figure S12, Supporting Information).
The most distinctive difference between reactive deposition

and SEA is apparent in linear sweep voltammetry (LSV) mea-
surements. These measurements were carried out to compare
the electron transfer properties of Pt SAs sites produced by reac-
tive deposition and SEA, as shown in Figure 2g. As compared to
bare TiO2, both Pt SAs deposition approaches lead to significant
cathodic current densities owing to the electron transfer via Pt
SAs sites. Evidently, reactive deposition of the Pt SAs provides a
much better charge transfer for a nearly identical Pt loading (0.73
at% Pt by reactive deposition using 2 mMH2PtCl6, and 0.68 at%
Pt by SEA using 10 mM (NH3)4PtCl2). The unique Pt anchoring
provided by reactive deposition, which in turn facilitates electron
transfer, can thus explain the superior co-catalytic performance
of “reactively” deposited Pt SAs.
One factor for the inferior charge transfer and thus the com-

parably low photocatalytic activity may be due to the fact that in
SEA approach still an amino-coordinated Pt complex is attached.
The inferior anchoring of SAs deposited by SEA is also appar-

ent in cyanide leaching experiments (see Figure S13, Support-
ing Information). While for SAs prepared using reactive deposi-
tion show hardly any loss of Pt under the used leaching condi-
tions, 1.17 at% of the SEA deposited Pt is lost under the same
conditions.
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Figure 2. a) XPS Pt4f spectra of different Pt precursor salts. b) XPS Pt4f spectra of sputtered TiO2 anatase layers treated in different precursors.
c) XPS N1s spectra of TiO2 anatase layers treated in (NH3)4PtCl2 with different concentrations. d) XPS Cl2p spectra of TiO2 anatase layers treated
in 0.005 mM H2PtCl6 and 0.005 mM (NH4)2PtCl4. e,f) EPR spectra of anatase TiO2 nanosheets before (Reference) and after Pt SAs deposition by
reactive (in 0.005 mM H2PtCl6) or SEA (in 10 mM (NH3)4PtCl2)) approach ((e) is amplified at 320 mT-340 mT from (f)). g) LSV curves of bare TiO2
anatase layers, and after Pt SAs deposition via reactive (2 mMH2PtCl6) or SEA (10 mM (NH3)4PtCl2) approach. For SEA deposition, the curve after heat
treatment at 400 °С in air is additionally shown.
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Figure 3. XPS Pt4f spectra of TiO2 anatase layers deposited in a) 0.005 mM H2PtCl6 and b)10 mM (NH3)4PtCl2, and treated under different annealing
conditions. c) Photocatalytic H2 evolution rate of Pt-SA-decorated sputtered layers treated under different annealing conditions.

In classic SEA approaches, after precursor adsorption, an
additional thermal treatment or thermal reduction step is
applied, commonly in air or in H2 environment at elevated
temperatures.[45–47,53,57,73] The goal is to reduce/react the at-
tached Pt-ions or complexes to surface-anchored Pt species.
Heat treatments, however, have been reported to be (partially)
detrimental to an atomic dispersion of the Pt species.[34,37] In
the present work, to address a variety of such preparation steps,
we investigate the activity of the different attachment strategies
also after additional thermal air or H2-reduction treatments (we
use conditions commonly used in literature[45–47,53,57,73]). More
precisely, we treated all samples obtained either by SEA from a
10 mM Pt solution ((NH3)4PtCl2) or by reactive deposition from
the 0.005 mM H2PtCl6 solution in H2 at 250 °C and 400 °C
as well as in air at 250 °C and 400 °C. Figure 3a,b shows XPS
Pt4f peaks after annealing the reactive deposition and SEA
samples in air and in H2 under different conditions. Evidently,
after annealing in H2 for both samples, a partial reduction is
observed. The corresponding peak fittings are shown in Figures
S14 and S15 (Supporting Information). The Pt4f peak at 72.6 eV
for oxygen-coordinated Pt�+ is shifted to a position of 71–72 eV.
Please note that this position is still higher than the typical
70.5 eV for metallic Pt0.[67] The Cl2p region in case of TiO2

anatase layers deposited in 0.005 mMH2PtCl6 and treated under

different annealing conditions shows only noise (Figure S16a,
Supporting Information) – the latter indicates that the Pt signals
originate from surface-trapped Pt rather than from surface-
adsorbed Pt-chloro-complexes (split of the chloro-coordinated
precursor Pt species when reacting with the surface).
This reduction does not occur to this extent for air annealing

of either type of sample (SEA and reactive). Noteworthy is that
the nitrogen coordination sphere for the SEA sample is partially
lost in air at 250 °C and almost completely at 400 °C, as evi-
dent from the XPS N1s region shown in Figure S16b (Support-
ing Information). The corresponding peak fittings are shown in
Figure S17 (Supporting Information).
Figure 3c shows the photocatalytic H2 production activity for

the different samples. For the SEA samples, the heat treatment
in general has less of an influence on the activity than for the re-
actively Pt-deposited samples, but it is notable that the activity for
the SEA samples is slightly increased after some heat treatments
(a similar trend is also observed at lower Pt loading, Figure S18,
Supporting Information). Note that after heat treatment, the in-
ferior charge transfer of SEA can be largely remediated (see LSV
in Figure 2g). But most remarkably, still reactive deposition from
H2PtCl6 without any post-treatment shows the highest reactiv-
ity. I.e., in the case of reactive deposition, all thermal treatments
are at least partially detrimental. In fact, for the reactive deposi-
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Figure 4. a–e) HAADF-STEM images and SEM images of TiO2 anatase
layer deposited in 0.005 mM H2PtCl6 and treated under different anneal-
ing conditions. f,g) HAADF-STEM images of TiO2 anatase layer deposited
in 10 mM (NH3)4PtCl2 and treated under different annealing conditions.
h) Statistics of size distribution percentage of agglomerates for Pt-SA-
decorated sputtered layers treated under different annealing conditions.

tion, a drastic drop of the activity after annealing at 250 °C in H2

or air is observed while annealing at 400 °C recovers the activity
strongly.
In view of these effects, we examined the annealed samples

in HAADF-STEM and SEM. Figure 4a–g shows the reactive and
SEA deposited samples after different thermal treatments. In
all cases, a partial thermal agglomeration of the single atoms,
namely to 2D rafts or even 3D structures occurs. Nevertheless,
in all cases still numerous individual SAs are left. An evaluation
of Pt size distribution obtained from several HAADF-STEM (ex-

amples are provided in Figures S19 and S20, Supporting Infor-
mation) and SEM images are shown in Figure 4h. As expected,
for the annealed samples, thermally induced agglomeration leads
to a broadened size distribution of Pt sites, agglomerate sizes
(mainly 2D rafts) reach 2 nm, but SAs still constitute 50–80% of
surface Pt sites (Pt nanoparticles and clusters of Pt atoms located
in close proximity were treated as single sites). The Pt site density
decreases by 2.0–7.9 times (0.005 mM H2PtCl6-deposited sam-
ple) or by 5.2–5.4 times (10 mM SEA-deposited sample). Most
interestingly, for the samples annealed at 250 °C (air and H2),
large agglomerates (visible in SEM) can be found (Figure 4b,c)
– this at a very low site density. This strong agglomeration is
the most plausible reason for the low activity for photocatalytic
H2 evolution of the reactive samples annealed at 250 °C. In con-
trast, after 400 °C annealing (in air and H2), there are no large
agglomerates detectable anymore by SEM (Figure S21, Support-
ing Information). From HAADF-STEM the Pt site density in-
creases from 0.48 × 105 µm−2 at 250 °C to 1.85 × 105 µm−2

at 400 °C.
This on the first sight surprising finding can be rationalized

in the light of studies on thermal stability of Pt on TiO2
[90–93] and

other surfaces.[94] These reports find that a thermal redispersion
of agglomerates, namely NPs to SAs becomes possible at tem-
peratures as low as 400 °C in various atmospheres. Depending
on the nature of the support and the atmosphere composition,
different mechanisms for Pt redispersion have been suggested,
such as reoxidation of amorphous clusters,[45] molecular migra-
tion of Pt oxide,[91] reverse oxygen spillover from Ti4+ to Pt,[90]

or anchoring to oxygen vacancy sites.[92] In contrast to H2PtCl6,
for SEA-deposited sample, agglomeration in contrast to the as-
deposited situation decreases the Pt site density from 9.40 × 105

µm−2 to 1.75 × 105 µm−2, but for the different annealing temper-
atures, a similar Pt site density (1.75-1.8 × 105 µm−2) is observed
regardless of the heating atmosphere (400 °C in air or H2). Also,
there are no large agglomerates detectable by SEM (Figure S22,
Supporting Information) for all different annealing conditions.
In view of the efficiency of Pt use, it is interesting to normalize

the data in Figure 3c by the Pt loading. The Pt loading for all sam-
ples determined by XPS is given in Figure 5a and the accordingly
normalized activity data in Figure 5b.
The compilation in Figure 5b shows that the individual SAs

deposited by reactive deposition leads to ≈5–6 times higher ac-
tivity than the SAs deposited by SEA without thermal treatment
and ≈3 times higher than SEA with a “best” thermal treatment.
This shows the significant advantage of a SA decoration using
an H2PtCl6 precursor in comparison to the (NH3)4PtCl2 pre-
cursor. It should also be noted that in recent papers we have
shown that agglomeration of Pt SAs on TiO2 surfaces can oc-
cur under photocatalytic conditions.[84,95] Here we also provide
a post-catalytic characterization of the thermally-treated samples
(Figure S23, Supporting Information), which shows the pres-
ence of both Pt nanoparticles and abundant single-atom sites on
the surface. It is, however, important that agglomerated SAs (to
nanoparticles) do not really contribute to the reactivity.[68] And
thus, light-induced agglomeration does not lead to a decrease in
activity.[68,84,95] The remaining SAs can provide the entire reac-
tivity under standard illumination conditions.[68,84] Nevertheless
it cannot be fully excluded that light-induced agglomeration is
slightly different for the two deposition processes and thus may
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Figure 5. a) Pt loading on TiO2 anatase layers deposited in 0.005mMH2PtCl6 and 10mM (NH3)4PtCl2 and treated under different annealing conditions
determined from XPS data. b) Mass-specific photocatalytic H2 evolution rate for Pt-SA-decorated sputtered layers treated under different annealing
conditions.

contribute to the observed results (however the overall statement
about the performance of the two approaches remains unaffected
– at least over the investigated time scale).
Noteworthy are also some other reference experiments. If we

use SEA at a lower pH 10 as sometimes employed in literature,[46]

we obtain even a lower reactivity (Figure S8, Supporting Infor-
mation) than for pH 12.7 which may be ascribed (using the clas-
sic Regalbuto-model) to the insufficient negative charge on the
TiO2 at this pH. If we use H2PtCl6 at similar precursor con-
centrations, i.e., at 2 mM or 10 mM, a significantly lower ac-
tivity is observed (Figure S8, Supporting Information). Using
(NH4)2PtCl6 (i.e., another Pt(IV) salt) at 0.005 mM as a reactive
precursor, we also obtain the high reactivity features of reactive
deposition from H2PtCl6 (Figure S8, Supporting Information).
Together with the finding of (NH4)2PtCl2 – the Pt(II) salt of the
same precursor – the crucial role of the surface reduction pro-
cess from Pt(IV) to Pt(II) to create strongly active sites becomes

evident. One may deduce that the process is self-homing (self-
creates the most active sites) in the sense that reaction takes
place on the surface at active locations, which in turn are also
the most active for photocatalytic H2 generation. This may be
put in the context of recent work on the catalytic oxidation of
CO that showed that the activity of Pt SAs anchored on TiO2 is
highly dependent on the specific site of Pt-surface coordination.
It was reported that highly coordinated Pt SAs,[45,47] e.g., in Ti5c
or 6c positions, show a significantly lower reactivity than more
loosely SAs coordinated at surface step edges and terraces (that
nominally are PtOH species or other lower oxygen coordinated
species[47]).
Following the same arguments, one may thus stipulate that

the sites where reductive attachment occurs are provided by spe-
cific surface sites which then also provide the highest reactivity
in the photocatalytic reaction. Nevertheless, a key difference to
“chemical catalysis” is that in photocatalysis the charge transfer
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from the substrate to the co-catalyst is essential and can be the
rate-determining factor.

3. Conclusions

The present work clearly shows that reactive deposition on tita-
nia surfaces using diluted H2PtCl6 or similar Pt(IV) complexes
leads directly after surface interaction to a more active configura-
tion than classic strategies using SEA. Even when common heat
treatments (and activation) of the SEA complexes are carried out
in air or H2, not the same level of co-catalytic activity can be pro-
vided.
A significant difference in the adsorption of H2PtCl6 and

(NH3)4PtCl2 is that in the former one, the chloride coordination
sphere is entirely lost while the nitrogen sphere (from ammonia)
is still (partially) present. Moreover, in the attachment process, a
reduction from Pt4+ to Pt2+ takes place – i.e., a reactive deposition
of the Pt SAs takes place.[61–63] Such a reactive attachment is in
line with H2PtCl6 coupling to alumina surfaces at low pH[96–99]

where a ligand exchange type of anchoring was found.
The reactive species is a well-hydrolyzed intermediate, most

likely [PtCl3(OH)3]
2−,[89] or even further hydrolyzed species. In

the case of TiO2, reductive reaction occurs via an interaction with
surface Ti3+ species of TiO2 (accompanied by a complete loss of
Cl ligands). Thus produced Pt2+ species can attach to surface ter-
minal groups of TiO2 (e.g., Ti-OH) via Pt-O-Ti or Ti-O-Pt-O-Ti
coordination.[83,100]

Moreover, while for reactive deposition any heat treatment is
detrimental for the photocatalytic activity, in the case of SEA, heat
treatments are generally mildly beneficial – this seems to be due
to a loss of NH3-coordination, but possibly, even more, it can be
ascribed to the entirely different attachment of the Pt species,
which significantly affects electron transfer via these sites. While
SEA is expected to lead, to a large extent, to randomly attached
[(NH3)4Pt]

2+-complexes that then in a later step are reacted to ran-
domly attached Pt SAs, the reactive deposition takes place likely
at preferentially reactive sites. I.e., the Pt SAs react at specific sur-
face sites, which then provide, directly a surface configuration of
high activity.
It should be noted, however, that photocatalytic activity is not

necessarily equal to catalytic activity for the H2 formation reac-
tion, as in photocatalysis also the transfer of a photoexcited elec-
tron across the TiO2/Pt interfacemay be key – and thus the origin
of a high reactivity at a specific site in photocatalysismay have un-
derlying different reasons than active spot in classic, “electroless”
catalysis.

4. Experimental Section

Materials: Methanol (99.9%, Carl Roth), ethanol ((99.8%, Carl Roth),
H2PtCl6·6H2O (40.17% metallic Pt weight concentration, Metakem),
(NH3)4PtCl2 (54-56% metallic Pt weight concentration, Thermofisher),
(NH4)2PtCl4 (51% metallic Pt weight concentration, Thermofisher),
(NH4)2PtCl6 (99.995% trace metals basis, Sigma-Aldrich) and ammonia
hydroxide solution (28.0–30.0%, Sigma-Aldrich) were usedwithout any ad-
ditional purification. Fluorine-doped tin oxide (FTO) coated glass slides
(coating thickness ≈550 nm, Pilkington) were cleaned by ultrasonication
in acetone, ethanol, and deionized water for 15 min each, and silicon diox-
ide (SiO2) coated silicon (Si) wafers (Si thickness= 380 µm± 25 µm; SiO2

coating thickness = 100 nm, MicroChemicals GmbH) were pretreated
by O2 plasma (SmartPlasma, Plasma technology GmbH). TEM supports
(8 nm SiO2 membrane with Si3N4 mesh on 200 µm silicon; Ted Pella, Inc.
and PELCO International) were purchased from Plano GmbH.

TiO2 Layer Fabrication: TiO2 layers were formed on FTO and SiO2 sub-
strates by DC magnetron sputtering (SP-P-US-6M-32 CreaTec Fischer &
Co. GmbH), as previously described in literature.[72] First, Ti metal lay-
ers were sputtered under a vacuum using a 5″ Ti target (99.995%, HMW
Hauner GmbH & Co. KG) at 150 W for 10 s. Next, amorphous TiO2 layers
were sputtered in an Ar:O2 atmosphere (6.7 × 10−3 mbar; volume ratio
Ar:O2 = 10:5) using the same Ti target at 500 W for 4 h to reach the thick-
ness of 200 nm. Afterward, the coated substrates were annealed at 450 °C
for 1 h in air to crystallize TiO2 layers.

For the purpose of transmission electronmicroscopy studies, 7 nm thin
TiO2 layers were sputtered directly on TEM supports by DC magnetron
sputtering at 500 W for 12 min, followed by annealing at 450°C for 1 h in
air.

Pt Single Atom Deposition: Pt single atoms (SA) were loaded
on the surface of TiO2 layers by an adopted “reactive deposition”
approach[61–65,68,101] using H2PtCl6·6H2O as a Pt source. H2PtCl6·6H2O
solution (0.005 mM, 2 mM, or 10 mM) was prepared and transferred to
the quartz cells, which were then purged with Ar gas to create anaerobic
conditions. TiO2-covered FTO supports were further immersed into the
solutions and kept in dark in sealed quartz cells for 1 h. Upon comple-
tion, the supports were thoroughly rinsed with deionized water and dried
with an N2 stream. In a reference experiment, 0.005 mM of (NH4)2PtCl4
or (NH4)2PtCl6 as a Pt source was used for reactive deposition. The pH of
the (NH4)2PtCl4 solution was additionally adjusted to a value of 5.4, which
was a similar value to initial pH of 0.005 mM H2PtCl6·6H2O solution.

For the Pt SAs deposited on TiO2 layers by SEA approach, (NH3)4PtCl2
aqueous solutions (0.005 mM or 10 mM concentration) were prepared.
The pH of the (NH3)4PtCl2 solution was additionally adjusted to a value
of 12.7 (or 10) by adding appropriate amounts of ammonia aqueous so-
lution. TiO2-coated substrates were subsequently immersed into the Ar-
purged solutions for 1 h under dark conditions at room temperature. A
series of Pt SAs-loaded samples were further subjected to thermal treat-
ments in either air or H2 atmosphere at 250 °C or 400 °C for 1 h.

Characterization: High-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM) images of the samples were
acquired using a probe-corrected scanning transmission electron micro-
scope (Thermo Fisher Scientific Spectra 200). Surface morphology of the
samples was investigated by a field-emission scanning electron micro-
scope (FE-SEM, S-4800, Hitachi). Composition and chemical state of the
samples were analyzed by X-ray photoelectron spectroscopy (XPS, PHI
5600). XPS spectra were shifted to a standard Ti 2p binding energy in
anatase of 458.5 eV. Peak deconvolution was carried out by MultiPak soft-
ware.

Electron Paramagnetic Resonance (EPR) Measurements: EPR measure-
ments were carried out for powdered TiO2 (nanosheets) loaded with Pt
SAs via reactive deposition and strong electrostatic adsorption (SEA).
Nanosheets were synthesized according to the reported method,[95] and
then ultrasonically dispersed in either H2PtCl6 or (NH3)4PtCl2 solutions
and kept in dark for 1 h. Upon completion, the powders were collected and
washed three times by centrifuging and rinsing with DI water and dried in
air at 70 °C. The prepared Pt SAs-loaded powders (10 mg) were placed
in quartz glass EPR tubes. EPR spectra were recorded on a JEOL continu-
ous wave spectrometer JES-FA200, equipped with an X-band Gunn diode
oscillator bridge, a cylindric mode cavity, and a helium cryostat. The mea-
surement setup was the following parameters: T = 95 K, microwave fre-
quency= 8.959 GHz, modulation width 1.0 mT, microwave power 1.0 mW,
modulation frequency 100 kHz, and time constant of 0.1 s.

Linear Sweep Voltammetry (LSV): Linear sweep voltammetry studies
were performed in a three-electrode electrochemical setup using platinum
plate as a counter electrode, and an Ag/AgCl (3 m KCl) reference electrode.
Polarization was carried out in dark in deaerated 0.1 m Na2SO4 aqueous
solutions by sweeping the potential in the cathodic direction from −0.2 V
to −1.5 V (vs Ag/AgCl) with a scan rate of 5 mV s−1 using Autolab PG-
STAT302N potentiostat/galvanostat.

Adv. Mater. 2023, 35, 2211814 2211814 (9 of 11) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

 1
5

2
1

4
0

9
5

, 2
0

2
3

, 3
2

, D
o

w
n

lo
ad

ed
 fro

m
 h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/d
o

i/1
0

.1
0

0
2

/ad
m

a.2
0

2
2

1
1

8
1

4
 b

y
 D

E
S

Y
 - Z

en
tralb

ib
lio

th
ek

, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [1

7
/0

1
/2

0
2
4
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o

n
s L

icen
se



www.advancedsciencenews.com www.advmat.de

Photocatalytic H2 Evolution: Photocatalytic H2 evolution performance
of the Pt SAs/TiO2 layers in aqueous solutions was evaluated under UV ir-
radiation using methanol as a hole scavenger. The samples were placed in
a quartz reactor containing 50 vol.% methanol aqueous solution (10 mL),
which was then purged for 15 min with Ar, sealed, and illuminated for 3 h
with an LED (� = 365 nm, power density of 65 mW cm−2, exposure area =
0.785 cm2). A gas chromatograph (GCMS-QO2010SE, SHIMADZU) with
a thermal conductivity detector (TCD) was used to determine the amount
of H2 produced at specific time intervals.

Supporting Information

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