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Understanding the roles of stabilizers and
reductants in soluble Pt nanoparticle catalysts for
highly efficient hydrogenation of benzoic acid

under mild conditionsy
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Stabilizers and reductants of soluble metal nanoparticle (SMNP) catalysts have particular properties that
differ from those of heterogeneous catalysts and can dramatically influence the activity of catalysts. To
achieve better performances of SMNP catalysts, the functions of stabilizers and reductants have to be
understood. Herein, we prepared a batch of SMNP catalysts by adjusting the amount of stabilizers and
the type of reductants and found that the stabilizers and reductants will affect not only the size of
catalysts but also the electronic states and accessibility of active metal sites, which determine the activity
of catalysts. The SMNP catalyst prepared with a suitable stabilizer and reductant presents significantly
higher catalytic activity with complete conversion in the selective hydrogenation of benzoic acid to
cyclohexane carboxylic acid under mild conditions (30 °C and 1 atm H,) than that of the conventional
heterogeneous catalyst (Pt/C). Besides, one-step selective hydrogenation of various benzoic acid
derivatives was carried out over the SMNP catalyst. These conclusions on the functions of stabilizers and
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Catalysis has greatly promoted the progress of human life and
industrial production, where catalysts play a key role. Soluble
metal nanoparticle (SMNP) catalysts have attracted increasing
focus over the last decade.’ Metal nanoparticle (MNP) catalysts
stabilized by polymers, surfactants, or ionic liquids are soluble
in green solvents (such as water and ionic liquids) and exhibit
superior catalytic activities and selectivities for various reac-
tions under mild conditions compared with traditional
heterogeneous catalysts.” The distinct catalytic activity is mostly
due to their high surface-to-volume ratio, corresponding high
surface special active atom number, and less liquid-solid mass
transfer and diffusion resistances in solutions. Besides, their
controllable sizes and morphologies play important roles in
catalytic reactions, usually influenced by the stabilizers and
reductants added in the synthesis.®> Stabilizers serve as
structure-directing agents by interacting with MNPs and
provide electrostatic and steric stabilizations for as-prepared
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reductants provide new insight into the preparation of high-efficiency SMNP catalysts.

MNPs.* Several reductants, including sodium borohydride
(NaBH,), ethanol, formaldehyde, hydrazine hydrate, play major
roles in the formation of MNPs from metal salts.” In addition to
the size, the electronic state and accessibility of active metal
sites influenced by stabilizers and reductants can also affect the
activity of the catalysts. Thus, the roles of stabilizers and
reductants in SMNP catalysts need to be studied systematically.

To understand the effect of stabilizers and reductants on
SMNP catalysts, we chose the selective hydrogenation of ben-
zoic acid (BA) to cyclohexanecarboxylic acid (CCA) as the probe
reaction, which has great industrial potential. Cyclo-
hexanecarboxylic acid (CCA) is an important and versatile
intermediate in the chemical and industrial processes, which
has been used in the synthesis of pharmaceuticals, such as
praziquantel, hexanolactam, and ansatrienin.® Moreover, CCA
reacts with nitrosyl-sulfuric acid to produce caprolactam (the
precursor of nylon), which is the basic reaction in the toluene-
based caprolactam synthesis.” It is well known that the
chemo-selective catalytic hydrogenation of BA is an efficient
process to produce CCA, and many transition metals have been
used as catalysts.®* However, the high resonance energy of
aromatic compounds and harsh reaction conditions (high H,
pressure (10-100 atm) and high temperature (50-200 °C)) have
become a troublesome problem in the hydrogenation of BA
(Table S31).® To meet the demands of industrial application and
green chemistry, searching for more efficient catalysts for the
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hydrogenation of BA under mild conditions (room temperature
and atmospheric pressure) is an important challenge for
chemists.

Herein, a series of soluble Pt nanoparticle (SPtNP) catalysts
were prepared by changing the added amount of stabilizers and
the type of reductants in synthesis to study the functions of
stabilizers and reductants. We found that the stabilizers and
reductants will affect not only the size of catalysts but also the
electronic state and accessibility of active metal sites. The SPtNP
catalyst prepared with a suitable stabilizer and reductant pres-
ents significantly high catalytic activity for the one-step selective
hydrogenation of BA to CCA in water without other co-catalysts
under mild conditions (30 °C, 1 atm H,, 3 h) (Scheme 1). The
conclusions verified by this work can be extended to the prep-
aration of other SMNP catalysts, providing new insight into the
preparation of high-efficiency SMNP catalysts.

To prepare high-efficiency SPtNP catalysts, dihydrogen hex-
achloroplatinate (IV) hexahydrate (0.1 mmol) was first dispersed
in 10 ml of water, to which a water solution (10 ml) containing
polyvinylpyrrolidone (PVP, 1 mmol) was added under vigorous
stirring. After continuous stirring for 3 h, the as-prepared
mixture was reduced by adding an aqueous solution of
sodium borohydride (NaBH,, 0.8 mmol, 5 ml) with vigorous
stirring for 2 h. The resulting mixture was dialyzed in water
using a dialysis tube for 4 h to yield SPtNP catalysts. The
formation of PtNPs is proven by powder XRD (Fig. S1T). The
diffraction peaks at 39.9°, 46.7°, and 68.4° can be assigned to
the (111), (200), and (220) planes of the face-centered cubic Pt
particles, respectively. The XRD results revealed that the peaks
of NaCl at 45.5°, 66.3° and 75.4° disappeared after dialysis by
comparing Fig. S1 and S2.7

The molar ratio of Pt to PVP was varied in the range of 1/1 to
1/100 to study the roles of the stabilizers in SPtNP catalysts.
High-resolution transmission electron microscopy (HRTEM)
characterization shows that the sizes of the PtNPs were depen-
dent on the molar ratio of Pt to PVP (Fig. 1, S5, and S61 and
Table 1). Particle size distributions are accompanied by a peak
function fitted to the histograms with the R* associated with the

Scheme 1 One-step selective conversion of BA to CCA under mild
conditions catalyzed by the SPtNP catalyst prepared with a suitable
stabilizer and reductant.
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Fig.1 TEM images and size distributions of the freshly prepared SPtNP
catalysts with different molar ratios of Ptto PVP: (a) 1:1, (b) 1:5, (c) 1:
10, (d) 1: 20, (e) 1:50, and (f) 1:100.

fitting being approximately 0.99. When the molar ratio of Pt/
PVP is 1:1, the PtNPs are well-dispersed with a mean size of
3.5 nm and a narrow distribution, which indicated that PVP
plays a role in stabilizing PtNPs. By increasing the molar ratio of
Pt to PVP from 1/1 to 1/100, the diameters of Pt NPs decrease
from 3.5 nm to 2.8 nm. The results indicate that with the
increasing amount of PVP, more stabilizers will coat the
surfaces of PtNPs, improving the stability of PtNPs, which
prevents PtNP aggregation and thus reduces the sizes of PtNPs.
Fig. S5cf presents the results of the HRTEM images, clearly
showing two kinds of crystal planes. The interplanar spacings
are measured to be 0.229 and 0.198 nm, which are characteristic
of (111) and (200) lattice planes of face-centered cubic Pt,
respectively.

The added amounts of stabilizer not only affect the sizes of
PtNPs but also further have a significant effect on the activity of

Table 1 Results of hydrogenation of BA by the SPtNP catalysts
prepared with different stabilizers and reductants®

Entry Pt:PVP (mol%) Reductants Size (nm) C? (%) S° (%)
1 1:1 NaBH, 3.5 72.1 100
2 1:5 NaBH, 3.2 84.6 100
3 1:10 NaBH, 3.1 100 100
4 1:20 NaBH, 3.0 62.1 100
5 1:50 NaBH, 2.8 56.9 100
6 1:100 NaBH, 2.8 46.2 100
7 1:10 Ethanol 3.3 78.4 100
8 1:10 Formaldehyde 2.8 50.6 100
9 1:10 Hydrazine 80.0 0.0 0
hydrate
10 Pt/C — 3.1 38.4 100
11 Pt/C? — 3.1 32.6 100

% Reaction conditions: 5 mol% metal relative to BA, 30 °C, 1 atm H,, 3 h.
b BA conversions. ¢ Selectivities of CCA. ¢ Adding PVP (Pt: PVP = 1:10).
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SPtNP catalysts, as shown in Table 1. 100% BA conversion under
mild conditions (30 °C and 1 atm H, for 3 h, which is among the
mildest condition for the selective hydrogenation of BA to CCA
thus far) is only obtained on the SPtNP catalysts with the Pt:
PVP molar ratio of 1:10 (Table 1, entry 3). The decrease in the
BA conversion with decreasing the amount of PVP (ie., Pt:
PVP>1:10) may be due to the growth in the diameter of the
PtNPs. Such size effect was found prevalently with NP catalysts
for many reactions,® which was generally ascribed to the exis-
tence of more coordinatively unsaturated sites on smaller
particles and the changes in their electronic properties. By
increasing the amount of stabilizer, the conversion of BA would
also decrease. This is quite a confusing phenomenon to
understand, as the diameters of PtNPs reduce with increasing
the added amount of PVP. However, it is speculated that, with
the excess amount of PVP (i.e. Pt: PVP<1:10), the drop of the
conversion may be due to the covering of the active Pt sites with
excess PVP molecules, which block the access of BA to active Pt
sites, leading to reduced catalytic activity (Scheme 1). These
results reveal that the stabilizer (PVP) not only protects the outer
surfaces of prefabricated PtNPs, affecting their sizes, but has
significant effects on the accessibility of active metal sites,
which determines the activity of catalysts.

To unveil the role of reductants in SPtNP catalysts in the
selective hydrogenation of BA, the activities of SPtNP catalysts
prepared with different reductants were investigated. As shown
in Table 1, the Pt NPs reduced by ethanol, formaldehyde, and
hydrazine hydrate yielded much lower BA conversions (78.4%
for ethanol, 50.6% for formaldehyde, and 0% for hydrazine
hydrate) compared with NaBH,. TEM characterization of these
catalysts reduced by different reductants showed that they
possessed similar metal particle sizes (2.8-3.3 nm) except that
reduced by hydrazine hydrate (Fig. S31). The diameter of PtNPs
reduced by hydrazine hydrate (~80 nm) is much larger than that
of others, which resulted in them being unavailable for catal-
ysis. When formaldehyde is used as a reductant, the PtNPs
possess a smaller diameter (~2.8 nm) than those using NaBH,
but have lower catalytic activity. A structural characterization
using XPS implicated the change of surface electron structures
of PtNPs as the possible origin of this decrease in catalytic
activity, as is discussed below.

From XPS characterization of PtNPs (Fig. 2), the Pt 4f spec-
trum of the PtNPs reduced by NaBH, is resolved into two peaks
with a 4f;,, binding energy of 74.7 eV and a 4f;;, binding energy
of 71.4 eV (Fig. 2a), verifying the presence of metallic Pt (Pt(0)) in
the catalysts. The absence of Pt(u) and Pt(wv) related diffraction
peaks demonstrates the complete reduction of Pt(iv) precursors
to exclusively metallic Pt(0) species. On the other hand, the Pt 4f
spectrum of the PtNPs reduced by ethanol (Fig. 2b) shows two
new signals of the oxidation state of Pt (Pt(II)) at 75.0 (Pt 4f;,)
and 71.9 eV (Pt 4f;),), indicating that the Pt precursor cannot be
reduced completely. The ratio of Pt(0) to Pt(II) is 2.27:1. In
particular, the intensities of Pt(II) in the Pt 4f spectrum (Fig. 2c)
for the Pt NPs reduced by formaldehyde are much stronger (the
ratio of Pt(0) to Pt(u) is 1.36:1) than those using NaBH, and
ethanol as reductants, showing that Pt(u) content is much
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Fig. 2 XPS spectra of the SPtNP catalysts reduced by (a) NaBHj,, (b)
ethanol, and (c) formaldehyde at a Pt: PVP molar ratio of 1:10.

higher in this catalyst, resulting in a decrease in catalytic
activity.

By studying the roles of the stabilizer and reductant, we
found that size effects are not the only factor that determines
the activity of catalysts, and the electronic state and accessibility
of the active metal sites are also very important factors. The
SPtNP catalyst prepared with a suitable stabilizer and reductant
presents significantly high catalytic activity in mild conditions
(Table 1, entry 3). For comparison, 5 wt% Pt/C was examined in
the hydrogenation of BA (Table 1, entry 10), which showed
a lower BA conversion (38.4%). The diameter of Pt (3.1 nm) in
Pt/C is similar to that in SPtNP catalysts (Fig. S31), which indi-
cates that the size effect of PtNPs is not the reason for the
decrease in activity. However, the poor dispersion in solution
and high liquid-solid mass transfer resistance lead to a decline
in the activity of the catalyst. The addition of PVP with 5 wt% Pt/
C catalyst (Pt:PVP = 1:10) led to little decrease in the BA
conversion from 38.4 to 32.% (Table 1, entry 11), most likely due
to the covering of active Pt sites by PVP. Furthermore, compared
with the catalysts in the previous literature (Table S37), the
SPtNP catalyst prepared with a suitable stabilizer and reductant
shows excellent catalytic activity for the selective hydrogenation
of BA to CCA under the mildest reaction conditions (30 °C and 1
atm H,) thus far.

Diethyl ether features remarkable immiscibility with water.
The SPtNP catalyst can be easily separated by extracting the
product with diethyl ether for recyclability tests. After extrac-
tion, the remaining SPtNP catalyst in water is seamlessly recy-
cled for further reactions. The BA conversion and selectivity

© 2025 The Author(s). Published by the Royal Society of Chemistry
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remain essentially constant, being above 99%, after recycling
the SPtNP catalyst over five times (Fig. S41), demonstrating the
excellent stability of the SPtNP catalyst. TEM characterization
results (Fig. S51) show no obvious growth or aggregation for the
used SPtNP catalyst. The SPtNP catalyst shows excellent activity,
durability, and stability in the water-phase catalytic reaction.
To illustrate the catalytic properties of the SPtNP catalyst in
detail, the method was extended to ring hydrogenation of as
many as eight benzoic acid derivatives, and the results are
presented in Table 2. The SPtNP catalyst shows excellent activity
for the hydrogenations of phenylacetic acid and other benzoic
acid derivatives, including benzamide, methyl benzoate, and so
on. Furthermore, 100% conversion of phenylacetic acid is ob-
tained over the SPtNP catalyst (Table 2, entry 1). Then, the
hydrogenations of p-substituted benzoic acids (-CHj, -Br, -Cl, -
OH, and -OCHj;) are investigated. The conversion of the
hydrogenation of p-methyl benzoic acid is 23.8% at 30 °C and 1
atm H, for 3 h (Table 2, entry 2), which is much lower than that
of benzoic acid. The conversion increases to 100% by increasing
the reaction temperature to 60 °C and prolonging the reaction
time to 6 h. The hydrogenations of p-bromobenzoic acid and
p-chlorobenzoic acid exhibit conversion of 86.0% and 64.3% at
30 °C and 1 atm H, for 3 h, respectively (Table 2, entries 3
and 4). The hydrogenation of p-bromobenzoic acid is prolonged
to 4 h with a conversion of 100%, and that of p-chlorobenzoic
acid is prolonged to 6 h with a conversion of 100%. Meanwhile,

Table 2 Hydrogenation of benzoic acid derivatives®

Substrate Product T(C) t(h) C° (%) 5 (%)
as,, O
1 on o 30 3 100 100
o] o
2 /@*w /O)%H 30(60) 3(6)  23.8(100) 100
o o
3 /©AOH OAOH 30 3(4)  86.0(100) 100
Br
o o
4 /@Am O)I\OH 30 3(6)  64.3(100) 100
Cl
[0} o
5 ﬁ%» O)LOH 30(60) 3(10) 45.0(100) 100
HO'
(6] (o)
6 ﬁo» O)%H 30(60) 3(10) 7.8(100) 100
o
[o] (@]
7 ©)ko/ O)‘\o/ 30 3(5)  77.2(100) 100
o (o]
8 @“”2 O)L NH: 30 3(8)  44.0(100) 100

“ Reaction conditions: 5 mol% Pt relative to substrates, 1 atm H,, 30 °C,
3 h, Pt: PVP = 1:10. ® Conversions. ¢ Selectivities.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

the hydrogenations of p-halobenzoic acids don't give the
anticipated p-halohexanecarboxylic acids as the final products,
but rather, hexanecarboxylic acid is the only product. It is
known that the halo moiety of the aromatics is usually easily
reduced under hydrogen pressure, and this applies to the above-
mentioned case.'® The results prove that the Br group is a better
leaving group than the CI group in this system. Hydrogenations
of p-hydroxybenzoic acid and p-anisic acid exhibit conversion of
45.0% and 7.8% with two products (hexahydrobenzoic acid and
p-substituted hexahydrobenzoic acid), respectively, at 30 °C and
1 atm H, for 3 h (Table 2, entries 5 and 6). The results show that
the oxygen-containing p-substituted groups (hydroxyl groups
and methoxyl group) can react with H, to leave. It is also
favorable to increase the conversion (100%) through longer
reaction time and higher temperature. Hydrogenations of p-
hydroxybenzoic acid and p-anisic acid are separated into two
steps: benzene hydrogenation and then p-substituted group
reaction, in which higher temperature and longer time would
result in faster reaction. The SPtNP catalyst shows excellent
activity on hydroxylic acid and benzene ester compounds, and
amide compounds. 44.0% conversion of benzamide and 77.2%
conversion of methyl benzoate are obtained over the SPtNP
catalyst (Table 2, entries 7 and 8). Extending the reaction time
can improve the conversion to 100%. In general, the SPtNP
catalyst has excellent catalytic activity for benzoic acid deriva-
tives. The introduction of electron-donating groups to benzene
rings substantially enhances the aromatic system's electron
density through combined inductive and conjugative effects.
This elevated electron density amplifies repulsive interactions
between the m-cloud and approaching hydrogen atoms during
hydrogenation, thereby significantly increasing the activation
energy barrier and rendering the hydrogenation process more
thermodynamically challenging (Table 2, entries 2, 7, and 8).
Notably, the presence of labile functional groups on the
aromatic ring facilitates deep hydrogenation through concur-
rent bond cleavage events. Comparative analysis reveals distinct
reactivities among functional groups: Halogens demonstrate
exceptional leaving-group propensity under hydrogenation
conditions, whereas carbon-oxygen bonds exhibit remarkable
persistence due to their higher bond dissociation energy. The
inherent stability of C-O bonds creates additional kinetic
barriers through two complementary mechanisms, both by
resisting activation itself and by maintaining electronic
perturbations that disfavor the hydrogenation pathway (Table 2,
entries 3-6).

Conclusions

In summary, the amount of stabilizers and the type of reduc-
tants can dramatically influence not only the size but also the
electronic state and accessibility of active metal sites, which
have great effects on catalytic activity. The SPtNP catalyst
prepared with a suitable stabilizer and reductant presented
significantly high catalytic activity for the chemo-selective
hydrogenation of BA to CCA at atmospheric pressure and
ambient temperature in water, whereas at the same reaction
conditions, a low yield of CCA was obtained over Pt/C. The

RSC Adv, 2025, 15, 12954-12958 | 12957
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hydrogenations of benzoic acid derivatives were also investi-
gated to illustrate the general applicability of the SPtNP catalyst,
and the substituent is believed to be of great influence on the
reaction rate.
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