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ABSTRACT: Single-atom (SA) decoration has emerged as a w""*’l‘"‘"“"

frontier in catalysis due to its unique characteristics. Recently, 4000 \¢

decorated Pt single atoms on titania have shown promise in & A %
gglomerated .

photocatalytic hydrogen evolution. In this work, we demonstrate 3000 @ = } Insufficient

that Pt SAs can spontaneously deposit on the surface, driven by
electrostatic forces; the key is to determine the golden pH and

S, !

H, generation after 8 h illumination (L)

: g 9 9 9 2000 4
surface potential. We conducted a comprehensive investigation
into the influence of the pH of the deposition precursor on the Mo Pt species
spontaneous adsorption of Pt SAs onto TiO, nanosheets (TiNSs). 1000 - 4
We introduced a straightforward pH-dependent and charge- — =,
dependent strategy for the solid electrostatic anchoring of Pt SAs o . :
on TiO,. Furthermore, we established that the level of Pt loading Reference  pH =0 PH =4 PH=8  pH=12

can be controlled by adjusting the precursor pH. X-ray

photoelectron spectroscopy (XPS) and high-angle annular dark-field imaging scanning transmission electron microscopy
(HAADF-STEM) were used to evaluate the Pt SA-decorated samples. Photocatalytic hydrogen production activity was assessed
under ultraviolet (UV) (365 nm) irradiation. Notably, we found that at a pH of 8, slightly below the measured point of zero charge
(PZC), a unique mixture of Pt clusters and single atoms was deposited on the surface of TiNSs. This unique composition
significantly improved hydrogen production, resulting in ~3.7 mL of hydrogen generated after 8 h of UV exposure by only 10 mg of
the Pt-decorated TiNS (with Pt loadings of 0.12 at. %), which is ~300 times higher than the undecorated TiNS.

B INTRODUCTION support interaction (EMSI).'> Researchers have harnessed
Single-atom catalysts (SACs) have recently gained prominence CMSI to stabilize Au, S‘?SS on FeO, support through covalent
as a frontier in catalysis due to their unique advantages, Au,—FeQ, interactions. ~ Similarly, CMSI effects have been
including exceptional activity and selectivity.'~* SACs bridge observed by dispersing Pt clusters on a CeO, support, resulting
the gap between heterogeneous and homogeneous catalysis, in electronic interactions between Pt clusters and CeQ,."""
harnessing the atom efficiency of metals to enhance the The surface chemistry of metal oxides, specifically the presence
utilization of noble metals. They exhibit low coordination of hydroxyl groups or oxygen ions at the surface, allows for
environments stemming from unsaturated bonding, facilitating potential stabilization of SACs through M—O(OH) inter-

efficient charge transfer. Additionally, SACs manifest distinct
highest occupied molecular orbitals—lowest unoccupied
molecular orbital (HOMO—-LUMO) gaps due to quantum ) ) ; -
size effects, providing exceptional catal;gtif properties%_g vacancies (Vy), deliberately introduced as favorable anchoring

Metal oxides, including TiO,, are among the most suitable

actions.'” Moreover, metal oxide supports exhibit diverse
defect types, including oxygen vacancies (V) and metal

photocatalysts and are ideal supports for SACs. Their Received:  October 31, 2023 LANGMUIR
properties encompass acidity, either Lewis or Bronsted types, Revised:  January 24, 2024 S
and basicity, influencing the nature of anchored metal Accepted:  January 29, 2024 ° :

groups.' "' Anchoring SACs on metal oxide supports Published: February 20, 2024

necessitates robust bonding interactions, such as covalent
metal—support interaction (CMSI) and electronic metal—
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sites for SACs, as well as surface morpholo%y defects like kinks,
steps, and terraces, which may trap SACs.”"

To achieve stable, high-loading, and well-dispersed SACs on
support materials, a profound understanding of SACs’
adsorption behavior on the support surface is crucial. Surface
polarization of oxides in relation to pH and electrostatic
attraction-mediated adsorption of counterions are crucial
factors governing SAC deposition. Therefore, monitoring the
point of zero charge (PZC) of the oxide, the pH of the
aqueous solution, and the metallic complex’s nature is pivotal
for successtul SAC deposition. Amphoteric metal oxides in
solution tend to polarize and acquire electrical charges
contingent upon the pH of the solution.'”'® According to
the electroneutrality principle, counterions closely associate
with metal oxide particles in a thin, diffuse layer, as per Gouy’s
theory. In acidic solutions, metal oxides are positively charged
and surrounded by compensating anions, while in basic
solutions, negatively charged metal oxides are encircled by
compensating cations. At the PZC or the isoelectric point
(IEP), the surface displays a neutral charge. The PZC of a
metal oxide may vary upon the exact production method.
Surface charges critically influence the adsorption of metal ions
or complexes due to the Coulombic nature of the adsorption
process. Depending on the solution’s pH, various species may
form on the surface, including monolayers of H', neutral water
molecules adsorbing on metal sites (H,0y), hydroxylated
metal sites (OHy, "), and free surface oxygen atoms.'”~

TiO,, specifically in its anatase polymorph, has been
extensively chosen as the preferred support for SACs. This
selection is attributed to TiO,’s distinctive photocatalytic
properties, which include cost-effectiveness, abundance, well-
suited band positions for water splitting, resistance to
photocorrosion, and high chemical stability.”*~>* Tt is widely
acknowledged that defects on the support surface play an
indisputable role in trapping single-atoms (SAs) and have
consistently been identified as the preferred sites for SAs
adsorption. A fundamental aspect of controlling SAs
decoration hinges on comprehending the spontaneous
adsorption of SAs on the support material’s surface, a
parameter intricately linked with the material's PZC.*>*°
Despite the studies exploring defect-engineered surfaces, the
potential for spontaneous self-adsorption of Pt SAs on anatase
surfaces has remained largely unaddressed in the literature. In
the present study, we performed a systematic investigation of
the pH-dependent adsorption of Pt SAs on anatase TiO,
nanosheets (TiNSs) as the support material. While the
decoration of titania with noble metal SAs has recently
become a frontier in photocatalysis research, the influence of
the PZC on the adsorption of SAs and clusters, which
represents a pivotal aspect of SAs adsorption studies, has been
overlooked.

B EXPERIMENTAL METHOD

Synthesis of Anatase TiO, Nanosheets (TiNSs). Anatase
TiNSs were synthesized using a hydrothermal method as previously
reported.27 The reagents, tetrabutyl titanate (Ti(OBu),) and
concentrated hydrofluoric acid (HF, 48%) from Sigma—Aldrich
Merck, were used as received without further purification. To prepare
the TiNSs, 10 mL of Ti(OBu), was added dropwise to 1.2 mL of HF
in a 250 mL Teflon liner while stirring at room temperature. After 40
min of agitation, the Teflon liner was sealed in an autoclave and
placed in an oven preheated to 200 °C. Following 24 h of
hydrothermal reaction, the autoclave was allowed to cool in the
oven. The resulting precipitates were collected by centrifugation
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(Heraeus SEPATECH), washed repeatedly with distilled water and
ethanol, and dried overnight at 75 °C.

Pt Decoration Process. Chemical bath deposition method was
used to decorate Pt on TiO,—NSs. The starting solution (mother
solution) was a 2.4 mM solution of H,PtCl, that was prepared using
dihydrogen hexachloroplatinate(IV) hydrate H,PtClyxH,O (99.9%;
Sigma—Aldrich). The mother solution was diluted 10 times (in a 100
mL container) to obtain a 240 uM H,PtCl, solution. This was done
to ensure a more precise measurement of the weight value of H,PtCly
powder. To ensure the solution was completely homogeneous, it was
prepared by dilution and made completely uniform. To achieve the
desired pH level separately prepared diluted sulfuric acid or KOH
solutions were added dropwise to each solution. The final volume of
each solution was adjusted to 200 mL. Therefore, all solutions had a
final concentration of 120 yM H,PtCl. Next, 50 mg of nanosheets
were added to each container and sonicated for 2 min, then stirred on
a magnetic stirrer for 1 h. The resulting powder was then transferred
to a 200 cm® centrifuge tube and centrifuged at 4000 rpm. The
separated solution was removed, and 200 cm® of water was added to
the centrifuge tube. This process of centrifugation and water washing
was repeated three times. The powder was then taken out of the
centrifuge tube and transferred to a paper filter. After washing the
powder with S0 cm® of water, it was transferred to an oven at 40 °C
and left overnight to remove any residual water. To establish a
correlation between the Pt decoration and PZC of TiNSs, zeta
potential was determined using a zetasizer across the pH range of 0 to
12.

Characterization of Nondecorated and Pt-Decorated TiNSs.
The synthesized TiNSs were characterized using high-resolution
transmission electron microscopy (HRTEM) (FEI Talos F200X).
Samples of Pt-decorated TiNSs were investigated using high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) and HRTEM with a Thermofisher Spectra Ultra
TEM (TEAM 1) operating at 300 kV. The chemical state and loading
of the Pt SAs were characterized using X-ray photoelectron
spectroscopy (XPS) with a Surface Science Instrument (SSX-100 S-
probe), employing K, radiation at 200 W. High-resolution XPS
spectra were recorded with a 0.2 eV energy resolution and a spot size
of 300 um?, with peak positions calibrated to the C 1s peak at 284.8
eV.

Measurement of Hydrogen Production Rate. The hydrogen
production rate was measured using a gas chromatograph (SRI,
Model 8610C, TCD-detector) with a quartz photoreactor. Initially, 10
mg of TiNSs powder or Pt-decorated TiNSs were stirred in a 20 mL
solution of distilled water and methanol (1:1) for 15 min under
nitrogen gas purging to remove oxygen, then carefully sealed. The
mixture inside the photoreactor was sonicated for 15 min for more
homogeneous dispersion. Stirring was maintained during light
irradiation to prevent potential precipitation. A 365-nm LED light
source (680 mW cm™%, SPCM-0800, DUSA) was used for 24 h of
illumination.

Electrochemical Impedance Spectroscopy (EIS) Measure-
ments. Based on a study by Obradovic et al,, stable electrodes from
pristine and Pt-loaded TiNSs were prepared to conduct the EIS
measurements.”® In this procedure, 10 mg of the corresponding
TiNSs were first added to 4 mL of double-distilled water and the
suspension was sonicated for 45 min at room temperature.
Subsequently, 200 uL of Nafion perfluorinated resin were added to
the suspension and the mixture was agitated for 45 min. Finally, 240
ML of the suspension were spread over the surface of a glassy carbon
disk and the disk was oven-dried at 60 °C for 60 min. The EIS
measurements were performed using a PalmSens4 potentiostat with a
conventional three-electrode cell: the glassy carbon disc coated with
the catalytic layer as the working electrode, a platinum plate as the
counter electrode, and Ag/AgCl as the reference electrode. The data
were recorded within the frequency range of 10 kHz to 10 mHz by
applying a sinusoidal perturbing signal of 5 mV around the open
circuit potential. The measurements were carried out in 0.5 M H,SO,
solution at 26 + 1 °C. The data reproducibility of each test was
checked by triplicate repetition.
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B RESULTS AND DISCUSSION

The morphology of the TiNSs synthesized in their pristine
state is shown in Figures la—c. A substantial portion of these

\
7n -
Nanosheets

Pt species

Figure 1. (a—c) HRTEM image of pristine TiNSs with various
magnifications; HAADF-TEM images of TiNSs subjected to various
pH conditions ((d) 0, (e) 4, (f) 8, and (g) 12).

nanosheets exhibits a clearly defined sheetlike structure
characterized by a rectangular shape, with side dimensions
ranging from ~30 nm to 60 nm and an average thickness of ~7
nm. Figures 1d—g illustrate the HAADF-TEM images of
TiNSs subjected to pH conditions of 0, 4, 8, and 12. When
compared to the pristine TiNSs, the presence of Pt SAs and Pt
atom assemblies is discernible exclusively on the surfaces of
TiNSs treated at pH levels of 4 and 8. It is noteworthy that,
following treatment at varying pH values, there is no
observable alteration in the dimensions of the TiNSs (Figure
1g), underscoring the preservation of the nanosheets structure.

To analyze the chemical state of Pt atoms on TiNSs, XPS
examination was conducted. Figure 2a displays the XPS survey
spectra of TiNSs subjected to varying pH conditions. The XPS
survey results reveal the predominant presence of elements
such as Ti, F, O, and carbon contaminants. The absence of Cl
2p peaks in the samples suggests that the Pt signals originate
from Pt atoms rather than remnants of the precursor material.
The XPS data within the binding energy range of 80—68 eV
support the findings from HAADF-TEM analysis (Figure 2b).
Specifically, the XPS intensities of Pt 4f in samples treated at
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pH levels of 4 and 8 are notably several times greater than
those in samples subjected to pH conditions of 0 and 12. The
assessment and comparison of Pt loading on the TiNS surface,
as influenced by different pH levels, were carried out using
quantitative XPS, as depicted in Figure 2c. The XPS outcomes
reveal that, under highly acidic conditions (pH 0), no
detectable Pt deposition occurs. However, as the pH is
increased, Pt species deposition occurs. Comparing the
measured samples, the highest observed level of Pt deposition
on the TiNS§ surface is recorded at pH 4, reaching ~0.24 at. %.
With an increase in pH to 8, there is a slight reduction in Pt
loading (~0.1S at.%). Notably, under highly alkaline
conditions, such as pH 12, a significant decrease in Pt loading
is observed (~0.02 at. %).

Reflectance spectroscopy (DRS) is uttilized to examine how
the light absorption properties of TiO,—NSs are affected by Pt
decoration. The results for both the reference TiO,-NSs and
the sample treated at pH 8 are shown in Figures 2d and 2e.
Our analysis revealed that the bandgap values for these samples
are 3.28 and 3.23 eV, respectively. It is important to note that
there is very little difference in the bandgap and whole
absorption spectrum between these two samples. In other
words, any potential difference in photocatalytic activity
between pt decorated and pristine samples cannot be
attributed to differences in light absorption.

As a result of the substantial quantities of Pt decoration
observed on TiNSs prepared at pH 4 and pH 8, further
investigations were carried out via HRTEM and high-
resolution XPS on these samples. Figures 3a and 3b present
a comparative HRTEM analysis of the Pt species’ size and their
spatial distribution on the surface of TiNSs subjected to
treatments at pH 4 and pH 8. The results reveal slightly larger
Pt particles at pH 4, compared to those at pH 8, suggesting a
preferential formation of Pt nanoparticles at pH 4 and
formation of a combination of Pt SAs and Pt clusters at pH
8. Additionally, as shown in Figures 3¢ and 3d, our statistical
analysis based on HAADF-STEM images further supports
these findings. Figure 3c illustrates the quantification of single
atom counts per 100 nm?® across different pH values,
highlighting higher single atom density at pH 8. Meanwhile,
Figure 3d showcases the percentage of area occupied by
clusters/agglomerates relative to the total area, elucidating
higher Pt agglomeration at pH 4. Thus, pH proves to be an
important factor for Pt SAs decoration and distribution on
support materials. In addition, as shown in Figures 3¢ and 3d,
the deconvolution of high-resolution XPS spectra reveals that
the binding energies of the Pt 4f signal correspond to oxidized
Pt.”” The pH 4 sample exhibits an additional shoulder that is
indicative of metallic Pt. For the pH 8 sample, the Pt 4f peak
can be deconvoluted into four distinct peaks. The signals at
7244 and 75.88 eV correspond to Pt** 4f,, and Pt** 4f; ),
respectively, while the doublet at 74.4 and 77.39 eV can be
attributed to Pt** 4f,, and Pt*" 4f; ,. In contrast, for the pH 4
sample, the deconvolution requires inclusion of the metallic
state, featuring signals at 71.68 and 75.27 eV corresponding to
Pt° 4f,/, and Pt® 4f; ,, respectively. Furthermore, two doublets
for Pt oxide are observed in this sample, with peaks at 72.51
and 75.90 eV attributed to Pt** 4f,, and Pt** 4f; ,. Therefore,
the XPS results provide further evidence for the atomic-scale
deposition of Pt on the pH 8-treated TiNS, while for the pH 4-
treated TiNS, a combination of metallic bonds originating
from Pt nanoparticle formation and atomic-scale deposition of
Pt is evident. Consistent with existing literature, the deposition

https://doi.org/10.1021/acs.langmuir.3c03316
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Figure 2. (a) Overall XPS survey spectra of the prepared TiNS in various pH; (b) Pt 4f XPS spectra for different TiNSs samples; (c) Pt loading on
the surface of anatase TiNSs prepared at different pH values, as determined by XPS; (d) absorbance spectra and (e) Tauc plots of the reference

TiO,—NSs and the samples treated at pH 8.

of SAs results in species coordination to their surrounding
environment, primarily involving oxygen atoms in the case of
oxide supports.””™>’ Consequently, a shift toward higher
binding energies is observed. Moreover, the presence of high-
valent Pt** combined with the absence of Cl~ suggests a strong
covalent interaction between Pt and the TiO, support,
predominantly observed in the pH 8-treated TiNS.

The photocatalytic performance of the samples treated in Pt-
containing solutions with varying pH levels was evaluated for
hydrogen (H,) evolution under UV light irradiation. The
results, presented in Figure 4a, reveal that the sample treated at
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pH 8 demonstrates the highest photocatalytic H, generation
activity, achieving a rate of ~3.7S mL h™" g™'. To assess the
reusability of this sample, successive photocatalytic H,
generation experiments were conducted under identical
conditions. Figure 4b illustrates that the activity of this sample
remains consistent, showing no significant decrease even after
four consecutive 8-h cycles. This observation indicates an
~83% retention in the stability of H, evolution, highlighting
the remarkable stability of Pt sites on the TiO,—NSs.
Combining the HAADF-TEM and XPS findings, we propose
that the presence of a combination of Pt SAs and Pt SA

https://doi.org/10.1021/acs.langmuir.3c03316
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Figure 3. HAADF-STEM images of Pt-decorated anatase TiNSs prepared at (a) pH 4 and (b) pH 8. Surface density of (c) Pt single atoms and (d)
Pt clusters/agglomerates for different samples. High-resolution XPS spectra of Pt 4f of anatase TiNSs at (e) pH 4 and (f) pH 8.

assemblies, exhibiting greater uniformity across the TiNSs
surface, is pivotal for achieving highly efficient and stable SA
catalysts. Our results align with recent reports highlighting the
enhanced heterogeneous catalytic efficiency achieved by the
simultaneous presence of SAs and SA assemblies (clusters) on
a support material, compared to the presence of individual
components.

EIS can also provide insights into the charge transfer kinetics
of TiO,-based samples.”**> Figure 4c—e shows the EIS results
for the pristine and Pt-decorated TiNSs prepared at different
pH, which was measured at open circuit potential. While the
impedance values may vary across the different samples, they
are consistently identified by a semicircle at higher to midrange
frequencies, and an arc-shaped pattern at lower frequency
ranges (Figure 4c). The semicircle is related to the electrical
double layer at the TiO,/solution interface and the arc can be
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explained by the formation of a space charge layer, which
indicates the accumulation of charge carriers within the TiO,
material. Nyquist plots reveal that the Pt-decorated TiNS
prepared at pH 8 possess the smallest diameter, indicating the
lowest polarization resistance among all samples. Furthermore,
this sample exhibits lower impedance at a frequency of 0.01 Hz
in the Bode modulus, and lower phase angles in the Bode
phase plot, which are indicative of its superior electron transfer
properties at the interface between TiO, and the solution. To
conduct a quantitative analysis of the EIS results, the
experimental data were fitted to an equivalent circuit, which
is depicted in Figure 4c (inset). In this circuit, R, R, and
CPEy are the solution resistance, polarization resistance, and
constant phase element regarding the electrical double layer,
respectively. Moreover, Ry and CPEgc are the space charge
resistance and the constant phase element regarding the space

https://doi.org/10.1021/acs.langmuir.3c03316
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Figure 4. (a) H, evolution of 10 mg Pt decorated anatase TiNSs at different pH values; (b) reusability experiment for photocatalytic H, generation
of the sample treated at pH = 8; (c) Nygqiust plot with equivalent circuit used for the fitting of EIS data (inset); (d) Bode-modulus, and (e) Bode-
phase plots of various samples; (f) zeta potentials of the TiNSs at different pHs. pHp,¢ (point zero of charge) of TiNSs is ~8.4.

Table 1. Equivalent Circuit Parameters for the EIS Data of Different Samples

CPE, CPEqg.

sample R, (Q cm?) R, (Q cm?) na Yo, a (X 107° S s" cm™2) Ry (Q cm?) fsc Yy, sc (X 107° S s" cm™2) 7

reference 16.2 475 0.92 11 1675 0.90 24 0.0005

pH 0 14.5 422 0.90 13 1036 0.89 27 0.0004

pH 4 154 237 0.88 22 191 0.93 35 0.0007

pH 8 16.5 203 0.90 30 138 0.92 41 0.0009

pH 12 16.1 313 091 18 409 0.90 30 0.0001
charge layer. It is noteworthy that the CPE represents a capacitive behavior. In comparison to the other samples, the
nonideal capacitance, which is characterized by the parameters Pt-decorated TiNS prepared at pH 8 show the lowest R, and
Y, and n, signifying the magnitude and deviation of the CPE, Rgc values, indicating superior electron transfer and reduced
respectively. The results of the data fitting process are electron accumulation.
presented in Table 1. As the n values for all samples fall To establish a correlation between Pt decoration and the
between 0.5 and 1.0, it can be inferred that the CPEs exhibit surface charge of TiNSs in various solutions, we recorded and
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plotted the zeta potentials of TiNSs at different pH levels, as
illustrated in Figure 4f. As the pH surpasses the PZC (pHpyc
~8.4), the TiNSs surface becomes negatively charged.
Consequently, adsorption of anionic complexes, stable during
the hydrolysis of [PtCls]*”, becomes unfeasible. However,
under highly acidic conditions, despite the positively charged
TiNSs surface, strong adsorption of chloroaqua complexes
(such as [PtCL(H,0)]") onto TiNSs is anticipated. Yet, the
high stability of these complexes at pH such as 0 impedes their
deposition. Under these acidic conditions, these complexes
mainly exhibit negative solvation-free energy, enhancing their
tendency to remain in solution rather than adhere to the metal
oxide surface. This affinity diminishes as pH surpasses 4.
Moreover, at pH >7, increased hydroxide ions lead to water
molecule deprotonation, fostering the formation and subse-
quent adsorption of hydroxo complexes (such as
[PtClS(OH)]Z_,
[PtCL,(OH),]*).?>***® Consequently, the presence of Pt
SAs and Pt SA assemblies becomes more pronounced at pH 8,
which is in close proximity to the measured PZC of the TiNSs.
This observation along with the HAADF-TEM and XPS results
collectively highlight the significance of the pH-dependent Pt
decoration process on TiNSs, elucidating the complex
interaction between surface charge, Pt adsorption, and the
formation of Pt SAs and Pt SA assemblies on the surface.

[PtCl,(OH)(H,0)]",

and

B CONCLUSIONS

We systematically investigated the critical influence of pH on
the atomic-scale deposition of Pt onto TiNSs. Our findings
illuminate the significantly overlooked yet paramount role of
the deposition solution’s pH in the decoration process of Pt
SAs and Pt SA assemblies. We have demonstrated a strong pH
dependence in the Pt decoration process, with the most
promising results observed at a specific pH of 8. It is
noteworthy that extreme pH conditions, both highly acidic and
highly basic, present significant challenges to the Pt decoration
process. The stability of the [PtCls]*” complex under very
acidic conditions and the repulsion between the complex and
the TiNSs surface under highly basic conditions hindered the
efficient Pt decoration process. At a pH of 8, we achieved a
highly active combination of Pt SAs and Pt clusters. We
showed that the mixture of Pt species, including Pt SAs and Pt
clusters with higher oxidized forms (Pt** and Pt**), emerged as
the key contributor to the exceptional photocatalytic efficiency.
Notably, we achieved a remarkable H, generation rate of 3.75
mL h™' g7
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