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Anchoring Pt single atoms (SAs) as co-catalysts on g-CsN4 has
emerged as a promising approach to enhance the hydrogen pro-
duction performance of this photocatalytic system. Particularly, by
so-called reactive deposition, a maximum hydrogen evolution
reaction performance can be achieved using a minimum amount
of Pt loading. In this study, we explore the effects of different plati-
num (Pt) precursors on the reactive deposition of SAs onto g-CzN,,
aiming to optimize the performance in photocatalytic hydrogen
production. By examining a variety of Pt precursor types, we high-
light critical parameters influencing deposition, including precur-
sor charge, solution pH, ionic strength, and ligand properties. Our
results reveal that precursors bearing anionic charges are distinctly
more effective than cationic precursors for depositing highly active
Pt SAs. Crucially, we find that the surface deposition reaction
strongly depends on the ligand involved, with chloride-based
complexes enabling more efficient Pt attachment compared to
bromide-based complexes. Notably, variations in the oxidation
state of platinum (Pt** versus Pt?*) did not significantly influence
deposition outcomes. Among all precursors studied, (NH4),[PtClg]
achieved the highest catalytic activity, with optimal Pt loading
(~0.026 wt%) and superior hydrogen evolution rates surpassing
the widely utilized H,[PtClg] precursor. Furthermore, adjustments
to solution conditions, such as significant pH changes due to
increased ionic strength, were found to negatively impact depo-
sition and catalytic effectiveness. These insights underscore the
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importance of precursor selection and solution chemistry control,
providing a robust basis for the development of efficient and cost-
effective single-atom photocatalysts formed by adsorption—reac-
tion treatments.

1. Introduction

Photocatalytic H, generation from aqueous media, employing
semiconductor materials has garnered considerable research
interest as a promising strategy for sustainable green fuel
generation." In recent years, graphitic carbon nitride
(g-C3N4) has emerged as a highly attractive semiconductor,
offering a suitable band structure for visible light water split-
ting as well as an excellent stability, and high structural flexi-
bility for modification.®® However, for single-phase g-C3N,,
the actual hydrogen production efficiency often falls short of
expectations, primarily due to the fast recombination of
charge carriers and slow reaction kinetics at the semi-
conductor-solution interface, even if hole transfer is aided by
the use of sacrificial agents."*?

To overcome these limitations, the integration of suitable
charge-transfer co-catalysts has been extensively explored.
Platinum (Pt), in particular, has been widely identified as
excellent co-catalyst for photocatalytic H, generation, when
decorated or incorporated as nanoparticles, nanoclusters, or
single atoms (SAs) on g-C3N, surfaces."**®

In order to minimize cost, minimizing the catalysts size,
and thus particularly Pt in the form of SAs, has recently
attracted wide attention. Various synthesis approaches for Pt
SAs have been reported, including wet immersion techniques,
as well as gas-phase physical and chemical approaches.'®™?
However, not all approaches deliver highly active SAs, ie.
depending on the synthesis approach, considerable amount of
less active and hence wasted Pt is deposited.”*™” Or the
method require a complicated high temperature reduction
step in a hydrogen atmosphere.”® Recently, a most effective

This journal is © The Royal Society of Chemistry 2025
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reactive deposition approach was reported that delivers at very
low amounts (<0.1 at%) highly active Pt SAs - these SAs were
deposited by direct reaction of highly dilute chloroplatinic acid
solutions (H,[PtCls]) with g-C;N,.>°

Notably, the H, production rate of the low-loaded Pt SAs
surpasses the activity of Pt SAs deposited using other tech-
niques at a comparable or even higher loading.'®?*%*' Or vice
versa, some other studies achieve comparable activity levels,
but they typically require more than ten times the Pt SA
loading.'®%°73?

In reactive deposition approach, the reaction to anchored Pt
SA consists of a sequence of (i) precursor hydrolysis, (ii)
complex-adsorption, and finally (iii) a reaction with functional
features on the surface of substrate. The adsorption of any Pt
precursor is strongly affected by the speciation of the precursor
in the solution. According to the “strong-electrostatic-adsorp-
tion” model,>*?*3* adsorption of a charged complex is mainly
determined by the effective charge of the adsorbate species
(the charge on the Pt-complex) and the charge of the surface
(protonated or deprotonated surface hydroxyls). Both factors
are primarily affected by the solution pH, but also by the ionic
strength of the solution (shielding of surface charges), and by
possible competitive adsorption. In practical terms, for adsorp-
tion of a Pt precursor, one either may select an anionic species
(e.g., PtCls>~ at low pH (pH < PZC)), where the oxide surface is
protonated and positively charged, or cationic species [e.g.
(NH;),Pt*, at high pH (pH > PZC)] where the surface is depro-
tonated and thus negatively charged.>® Nevertheless, the situ-
ation is often much more complex, as the pH and background
ions in solution also affect the hydrolysis of precursors and
thus the speciation (and charge) of the adsorbing complex —
for example Pt-Cl complexes can form positive, negative and
neutral complexes in solution®® that may be fully hydrolyzed
by H,O and OH™. Moreover, the strength of adsorption forces
can strongly be attenuated by the presence of background ions.

In a true direct reactive anchoring of Pt SAs, surface reac-
tion step follows adsorption where ligand exchange but often
also redox steps take place (as widely reported for
H,[PtClg]).>*?7*® The Pt SAs are primarily stabilized through
coordination with N4 sites on g-C;N,, which ensures both
high dispersion and stability of the Pt SAs under photocatalytic
conditions.**?*37739

Considering the broad range of factors that affect reactive
adsorption, it is surprising that comparative investigations,
namely on various Pt complex compounds, have hardly been
carried out.***!

Therefore, in the present work we examine various Pt pre-
cursors to assess their suitability for creating active single atom
species on g-C3N,. We select Pt precursors that differ in their
chemical properties, such as oxidation state, Pt-coordination
environment, and hydrolysis properties, and explore their feasi-
bility to attach Pt SAs on g-C;N,. We then tried to understand
the mechanism behind and evaluate loading and resulting
reactivity in view of photocatalytic hydrogen production.

We first establish as a bench-mark, the conventionally used
platinic acid H,[PtCls] - then we explore (NH,),[PtCls],

This journal is © The Royal Society of Chemistry 2025

View Article Online

Communication

(NH,),[PtCl,], K,[PtCly], K,[Pt(CN),], Hy[PtBre], Ko[PtCl,], Ko[Pt
(CN),], [Pt(NH3),]Cl,. We find that H,[PtCls], (NH,),[PtCls] and
(NH,),[PtCl,] are suitable for loading a significant amount of
highly dispersed Pt SAs, all with a high hydrogen production
efficiency. Optimized loading is observed from (NH,),[PtCls]
solution (most effective at 2 mM) - without any solution
adjustments. Best conditions for hydrogen evolution exhibit
minimal ionic strength in solution, using Pt-chloro complexes
(where the chloro-ligands react off during attachment). Redox
processes during attachment of g-C;N, are not key. Noteworthy
is also that using cationic complex loading with [Pt(NH;),]Cl,
did not lead to satisfactory results for photocatalytic hydrogen
evolution.

2. Results and discussion

We use for our investigations C3N, synthesized by a well-estab-
lished literature procedure from an equimolar mixture of mela-
mine and dicyandiamide. Then the C3;N, powder is delami-
nated at 500 °C in air for 2 hours.*”™** After this treatment
C;3N, presents a sheet-like structure with a layer thickness of
~18 nm, well in line with literature,>*°*> and as evident from
the scanning electron microscopy (SEM) image in Fig. 1a.
These delaminated layers (g-C;N,) were then used as sub-
strates and decorated with Pt-cocatalyst as SAs using an
approach described in literature as “reactive deposition”
(Pt SAs/g-C3N,), and as described in more detail in the
SL26,27,46—48

In a first set of experiments, we establish as a bench-mark,
immersion of g-C3;N, in 2 mM H,[PtClg] for 1 h (details see
also SI). Fig. 1b displays a high-resolution SEM image of the
g-C3N, after Pt deposition as SAs. The SEM image of Pt SAs/
g-C3N, reveals no distinct particles, which is consistent with
the deposition of non-aggregated single atoms, as the size is
below the resolution limit of the SEM. Fig. 1c shows a high-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image taken for Pt SAs/g-C3N,,
which reveals that the thin g-C;N, layer is decorated with
single atoms of Pt at a density of 8.8 x 10> um™> (this value is
determined by direct counting of individual Pt atoms within a
defined area in a series of HAADF-TEM images, please see
Fig. S1).

For reference, also samples with Pt nanoparticles (nominal
loading of 3 wt%) on g-C3;N, were prepared (details in
Experimental section). The SEM image in Fig. 1d shows nano-
particles that are clearly visible and the corresponding size dis-
tribution shows a relatively narrow range, with most particles
centered around an average size of approximately 7 nm (see
Fig. S2). This sample is annotated as Pt NPs/g-C;N, in the fol-
lowing sections.

X-ray photoelectron spectroscopy (XPS) of the Pt SA/g-C;N,
sample shows in the Pt 4f region (Fig. 1le) a clear Pt doublet
peak at a position of Pt 4f;,, at 72.6 eV and Pt 4f5/, at 76.0 €V,
which is typical for Pt SA coordinated on the g-C3N,
surface*>**—the peak position corresponds to a formal charge
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Fig. 1 (a) SEM image of pure g-C3N4; (b) SEM image of Pt SAs sup-
ported on g-C3N4; (c) HAADF-STEM image of Pt SAs/g-CsNy; (d) SEM
image of Pt NPs on g-C3Ny4; (e) XPS spectrum of Pt SAs/g-CsNy; (f) XPS
spectrum of Pt NPs/g-CzN4; (g) photocatalytic H, evolution perform-
ance of Pt SAs/g-C3N4, Pt NPs/g-CzN, (prepared using H,[PtCle] as the
Pt precursor), and pure g-CsNa,.

of Pt>" with 6" ~ 2. The observed oxidation state aligns with
the anchoring of Pt SAs at nitrogen sites within g-C;N,, con-
sistent with findings reported in previous studies.**”3° This
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configuration is widely regarded as the catalytically active SA
state responsible for facilitating the H, evolution reaction.’>>!
In contrast, the XPS analysis of Pt NPs/g-C3;N, (Fig. 1f) shows
Pt 4f;;, at 70.6 eV and Pt 4f5,, at 73.9 eV, which corresponds to
metallic Pt° (well in line with literature®?). From above con-
siderations one can see that SEM (no detectable Pt nano-
particles) in combination with XPS (characteristic binding
energy of Pt SAs) allows to indirectly confirm the presence of
Pt single atoms on the g-C;N, surfaces (this we used to screen
deposits from different precursors as discussed further down).
One may note that Cl ions are not detected from XPS Cl 2p
spectra (Fig. S3c), which indicates that the Cl reacted off
during dark deposition.

Then the photocatalytic H, generation activity of Pt SAs/
g-C3N,, Pt NPs/g-C;3N,, and neat g-C3N, samples is evaluated
in an electrolyte with a 10 vol% triethanolamine sacrificial
agent in water (Fig. 1g), using a 365 nm LED light source
(65 mW cm™?). The H, evolution, for all samples, occurs line-
arly over the measured time, and the rates were thus deter-
mined from the slopes of the curves. Evidently, Pt SAs/g-C3N,
exhibits a 2.3 times higher H, evolution rate compared to the
Pt NPs/g-C;N, sample, which both provide a significantly
higher activity than the neat g-C;N,. When the activity was nor-
malized by Pt loading, the Pt SAs/g-C3N, showed an H, evol-
ution rate of 1.7 mmol h™" (mg Pt)™", that is 10 times higher
than the activity of Pt NPs/g-C3N, (0.18 mmol h™" (mg Pt)™).
Notably, in our previous study, XPS and SEM analyses con-
firmed that Pt remains atomically dispersed (6" state) on
g-C3N, after photocatalytic H, evolution, with no observable
metallic Pt NP formation.*®

Against this H,[PtCls] benchmark,> we tested a range of Pt-
precursors as given in Table 1. Every Pt-salt was used at 2 mM
aqueous solution, and immersion of g-C3N, sample was done
equal to the H,[PtCly] experiment. XPS and AAS were carried
out to determine Pt loading and the results are given in
Table 1, as well as the pH and the conductivity of the 2 mM
salt solutions. For all samples after Pt loading and cleaning,
the photocatalytic H, production activity was determined
(Fig. 2). From XPS data in Table 1, Fig. S3 and S4 it is clear
that only H,[PtCls], (NH,4),[PtCls] and (NH,),[PtCl,] lead to a
considerable Pt loading while the other salts lead to no Pt
loading or a Pt loading below the detection limit of XPS. In
accord with these findings, for H,[PtCls] and (NH,),[PtCls] a

Table 1 Summary of the resulting Pt loadings, proportion of single-atom Pt, and photocatalytic H, evolution rate of Pt SAs/g-C3N4 synthesized
using different 2 mM Pt precursors, along with the pH and conductivity of the corresponding precursor solutions

Sample name % SA Pt loading (wt%) by AAS Pt loading (at%) by XPS pH  Conductivity (4S cm™)  H, evolution rate (umol h™' g™*)
H,[PtClg] 100 0.0369 + 10% 0.07 2.3 1683 613

(NH,),[PtCl] 100  0.0262 + 10% 0.07 2.8 713 651

(NH4)2[P(‘.C14] 100 0.0188 + 10% 0.08 5.4 603 415

K,[PtCly] — 0.0018 + 10% <0.02 3.8 548 31

K[Pt(CN))]  — 0.0004 + 10% <0.02 6.4 487 0

H,[PtBr] 100 0.0086 + 10% <0.02 2.4 1353 120

KZ[PtCl4] 100 0.0048 = 10% <0.02 5.5 584 136

K[Pt(CN),]  — 0.0006 + 10% <0.02 6.8 437 13

[Pt(NH,),JCl, — 0.0008 + 10% <0.02 58 586 17
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Fig. 2 Photocatalytic H, evolution performance of Pt SAs/g-CsN4 pre-
pared with various Pt precursors.

considerably high H, evolution activity could be observed
(Fig. 2). For all active samples, the XPS Pt peak shows the
typical SA signature at 72.6 eV (Fig. S3a and b) (and no nano-
particles can be seen in SEM as shown in Fig. S5). XPS fitting
and pea deconvolution shows an amount of £100% SA contri-
bution and no detectable contribution of Pt°.

Noteworthy is also that for all Pt** precursors the attached
species is Pt*" with 6 ~ 2, i.e. a reduced species is formed and
attached. In most of the cases, no ligand species (e.g., Cl7) can
be found, ie., in the attachment process these ligands are
exchanged against nitrogen, either in the solution hydrolysis
or in the surface attachment process.

From the comparison of the precursors, some important
conclusions can be drawn. Namely, (i) that the exit group Cl™
or Br~ plays a very important role in the attachment of the Pt
SA on the surface. H,[PtClg] and H,[PtBre] have a similar pH in
the solution and provide a similar conductivity, i.e. the surface
charge on the g-C;N, and ionic strength of the solution are
similar - nevertheless, the Br~ complex is hardly reacting with
the surface (likely due to the more stable nature of the Pt-Br
bond).”® (ii) The redox process in the attachment reaction
Pt** — Pt** is not a key factor in the attachment of SAs - this is
evident from a similar loading and reactivity of using
(NH,),[PtClg] and (NH,),[PtCl,] onto g-C;N,4, where Pt** and
Pt>* precursors are loaded as active (chloride-free) SAs. This
suggests that for the Pt** precursor, reduction even may take
place (e.g. by a red-ox process in the solution as has been
suggested in literature®’) prior to the final surface attachment
reaction.

The fact that many precursors do not show adsorption/reac-
tion can be explained by comparing their solution pH
(Table 1) with the PZC of g-C;N,. In literature®**> and by the
data in Fig. S6 one can determine a value of ~3.5-4.5 for the
2-C3N, used in this study. This means that a significant
adsorption (according to the SEA model) only occurs for
anionic species at acidic pH below 4.0 (pH = 2.3 for H,[PtClg],
and pH = 2.8 for (NH,),[PtClg]).

This journal is © The Royal Society of Chemistry 2025
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It is also interesting to note for (NH,),[PtCl,] that the pH of
the solution is above 5.0 (pH = 5.4). The negatively charged
surface indeed leads to adsorption/reaction with Pt*",
suggesting that the hydrolysis species of the precursor in the
solution may matter, i.e., the hydrolysis reaction may provide
uncharged or even mildly positively charged species.>*>%°”

It is thus worthy to study the reverse adsorption, i.e. using a
Pt-cation at elevated pH and compare the results to anionic
loading. Thus, we tested [Pt(NHj3),|Cl, at various pH values
where a positively charged [Pt(NH;),]** is the adsorptive
species present in the solution. Table 2 shows that for pH <
9.0, no Pt species is detected by XPS and AAS, however
with the increase of pH from 10.9 to 12.0, the loading of Pt
increases, suggesting that the classic SEA is operative.
Nevertheless, the amount of deposited Pt is low (at the detec-
tion limit of XPS) for every investigated pH. Also, the results
from H, evolution (in 3 h) show that the hydrogen evolution
activity is positively related to the loading of Pt (see Fig. 3 and
Table 2) but due to the overall low loading of Pt, such photo-
catalyst is clearly less effective than the Pt deposited from
anionic precursors under acidic conditions.

Moreover, if we inspect the data in Fig. 2 in detail, we find
the highest activity (and the highest specific activity) for SAs
deposited from (NH,),[PtCls] (Fig. 4a). We evaluated the
superior H, production efficiency over (NH,),[PtCl] for a wide

Table 2 Summary of Pt loading of Pt SAs supported on g-C3N4, syn-
thesized using 2 mM of [Pt(NH3)4]Cl, with pH adjustment, along with
the conductivity of the corresponding precursor solutions

% Pt loading (at%) Conductivity

Sample name SA by XPS (S em™)
[Pt(NH,),]Cl,, pH = 5.8 — <0.02 586.2
[Pt(NH,),]Cl,, pH = 8.1 — <0.02 582
[Pt(NH;),|Cl,, pH = 9 — <0.02 579
[Pt(NH,),]Cl,, pH=10.9 100 0.03 646
[Pt(NH,),JCL,, pH=12.0 100 0.06 1403

£ g [~ Without pH adjustment (pH=5.8)

© |=O—pH=8.1

v —/—pH=9.0
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Fig. 3 Photocatalytic H, evolution performance of g-CzN4-supported
Pt SAs synthesized from 2 mM [Pt(NH3),4]Cl, with pH adjustment.
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Fig. 4 (a) Normalized photocatalytic H, evolution performance of Pt
SAs/g-C3N4 synthesized using different Pt precursors. (b) Photocatalytic
activity as a function of precursor concentration for Pt SAs/g-C3N4 pre-
pared using (NH4),[PtCle] or H,[PtClgl. (c) Bar diagram of H, evolution
rates for Pt SAs/g-CzN4 synthesized with using (NH4),[PtClg] or H,[PtClg]
at pH = 2, in comparison to Pt SAs/g-C3;N4 synthesized with corres-
ponding unmodified precursor solution.
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concentration range (loading of samples given in Table S1), as
illustrated in Fig. 4b. The highest hydrogen evolution rate is
reached when the solution concentration is at 2 mM, further
increase in the concentration of precursor (to 10 mM) does not
lead to the increase of activity anymore.

Based on above considerations one may consider pH-adjust-
ments to further improve the adsorption step. Therefore, we
adjusted a 2 mM H,[PtClg] solution and a (NH,),[PtCls] solu-
tion to the same pH value of 2.0 using either HCIO, (as “inert”
acid) or HCI (affects the hydrolysis equilibrium also via CI7).
Evidently, both acids are detrimental for the loading of Pt and
thus the hydrogen evolution activity (Table 3 and Fig. 4c), com-
pared to the samples prepared without pH adjustment. The
loading of Pt is half of the amount for H,[PtCls] solution
(0.0369 wt%) prepared using HCl (0.0148 wt%) or HCIO,
(0.0158 wt%) adjustment. Therefore, the adsorption behavior
of anionic complexes, e.g. [PtCl¢]*~, under acidic conditions
cannot be explained solely by the SEA mechanism. The impact
of pH adjustment solution is even worse for (NH,),[PtClg] pre-
cursors — the loading of Pt decreases to 0.0056 wt% using HCI
and 0.0123 wt% using HCIO,, which may be ascribed to the
fact that for (NH,),[PtCls] more HCl or HCIO, solution is
needed to adjust pH, in order to buffer the NH," ions in the
solution. Or the protonation of surface groups by acid treat-
ment may reduce the binding of platinum complexes.

Overall, the change in pH (by both acids) leads to signifi-
cantly higher ionic strength (measured as conductivity), and
this high ionic strength can provide a shielding effect for the
negatively charged complex to deposit on the surface.>® Or the
pH in acidic solution leads to protonation of surface thus
reduce the loading of Pt complex. Therefore, based on all
above investigations, the photocatalysts prepared using
(NH,),[PtCls] precursor without pH adjustment gives the best
hydrogen evolution activity, due to the most beneficial attach-
ment of SAs on the C;N,. This is due to an ideal hydrolysis of
this precursor in view of solution pH and ionic strength in the
deposition solution, which is a result of both surface SEA and
reactive deposition mechanism.

3. Conclusions

In the present work, we systematically explored the “reactive
deposition” approach to anchor Pt SAs on g-C3N, using
various Pt precursors, revealing crucial insights into the criti-
cal factors affecting deposition and conditions required for

Table 3 Summary of Pt loading, proportion of single-atom Pt, and H; evolution rates for Pt SAs/g-C3N,4 synthesized with 2 mM (NH,4),[PtCle] or
H,[PtClel precursors at pH = 2, alongside the conductivity of the corresponding precursor solutions

% Pt loading (wt%) Pt loading (at%) Conductivity H, evolution rate
Sample name SA by AAS by XPS pH (S em™) (umol h™* g™
H,[PtCl]-HCI 100 0.0148 0.05 2 3693 426
H,[PtCl¢]-HCIO, 100 0.0158 0.04 2 3945 365
(NH,),[PtCl¢]-HCI — 0.0056 <0.02 2 4271 195
(NH,),[PtCl¢-HCIO, 100 0.0123 0.1 2 63 138
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optimal photocatalytic activity. Crucially, we demonstrate that
both adsorption and subsequent surface reaction steps are
essential to achieve effective reactive deposition. Our study
highlights that anionic precursors significantly outperform
cationic counterparts in adsorption on g-C;N,. Optimal con-
ditions were identified at solution pH values below the point
of zero charge (PZC ~ 3.5-4.5) of g-C3;N,, combined with
minimal ionic strength to prevent electrostatic shielding
effects from background ions. Even relatively inert ions such
as ClO,~ were found to notably impede active Pt precursor
adsorption.

Furthermore, the choice of the leaving ligand in the Pt pre-
cursor dramatically influences deposition efficiency, with
chloride complexes (Cl7) significantly surpassing bromide
complexes (Br™), due to weaker Pt-Cl bond stability facilitating
ligand exchange during attachment. Interestingly, redox pro-
cesses associated with Pt*" to Pt** reduction do not critically
impact the deposition efficiency, as evidenced by comparable
performance between Pt** and Pt*>* chloride precursors.

Among all tested precursors, (NH,),[PtCls] emerged as the
most effective, achieving superior catalytic activity with an
optimized Pt loading of approximately 0.026 wt%. This precur-
sor delivered an H, evolution rate surpassing even the widely
employed H,[PtCls] precursor under identical conditions.
Additionally, adjusting precursor solutions to higher ionic
strengths or significantly altering solution pH, negatively
affected deposition efficiency and catalytic activity, underscor-
ing the importance of maintaining suitable ionic strength con-
ditions for optimal results.

Overall, this study provides critical insights into the para-
meters influencing Pt single atom deposition, offering a
robust guideline for the development of highly efficient photo-
catalysts utilizing minimal Pt loading on g-C;N,.
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