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Efficient synthesis of a new heterogeneous gold
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applications for photocatalytic dye degradation
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Abstract A new form of carbon-based ligand supported
robust heterogeneous gold nanocatalyst was synthesized
and its potential catalytic applications are demonstrated.
The high yield (> 90%) synthesis procedure involves
ligand exchange between hydrophilic polyvinylpyrroli-
done polymer stabilized gold nanoparticles (Au:PVP)
with a di-alkyne ligand (1,4-Diethynylbenzene). The ul-
trasmall stabilized gold nanoparticles (1.8 ± 0.3 nm) are
bonded to di-alkyne ligand through acetylenic carbon
atom (≡C-Au) with an electronically conjugated 3D net-
work. The synthesizedmaterial (Au-P1) wasmeticulously
characterized using several spectroscopic andmicroscopic
techniques, e.g., Fourier transform infrared spectroscopy
(FTIR), optical absorption spectroscopy (UV-Vis), pow-
der X-ray diffraction (PXRD), X-ray photoelectron spec-
troscopy (XPS), and transmission electron microscope
(TEM) and thermogravimetric analysis (TGA). The Au
nanocatalyst showed good photocatalytic activity for deg-
radation of several organic dye molecules in aqueous
phase under visible light irradiation in presence of oxidiz-
ing agent (H2O2). The proposed mechanism involves dye
absorption on ligand surface through π-π interaction
followed by transfer of electron from excited dye mole-
cules to gold core through electronically conjugated li-
gand for generation of reactive oxygen species (·OH). The
catalyst has also been demonstrated for transfer

hydrogenation of organic carbonyl and nitro functional
groups (>C=O, -NO2) with potassium formate (HCOOK)
as hydrogen source in water. The catalyst could be recov-
ered by simple filtration, and it was reused up to five
cycles for both of these catalytic transformations with
complete retention of its catalytic activity.
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Introduction

Catalysis by gold nanoparticles has attracted consider-
able attention in recent years as evident from numerous
reports on demonstration of a variety of heterogeneous
(Hutchings and Haruta 2005), homogeneous (Zhu et al.
2010), and quasi-homogeneous (Tsukuda et al. 2011)-
based gold nanocatalysts. A majority of these efforts
have been directed toward aerobic oxidation of various
organic functionalities by taking advantages of superior
ability of gold nanoparticles for activation of molecular
oxygen (Tsukuda et al. 2011; Yamazoe et al. 2014). In
addition to that nanogold is capable to catalyze other
important chemical transformations, e.g., hydrogenation
(Corma and Serna 2006), transfer hydrogenation
(Chavda et al. 2016), de-oxygenation (Ni et al. 2011),
N-alkylation (He et al. 2010), carbon-carbon coupling
reaction (Tsunoyama et al. 2004), and also in electro-
catalytic transformations (Saquib and Halder 2018).
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Another important application by supported gold nano-
particle is degradation of organic dye in aqueous medi-
um under photocatalytic condition (Arabatzis et al.
2003; Hussain et al. 2016; Depuccio et al. 2015;
Trivedi et al. 2016; Wang et al. 2018; Xiong et al.
2010; Ren et al. 2015; Lu et al. 2011; Cheng et al.
2013; Bhowmik et al. 2015; Choudhary et al. 2017;
Gupta et al. 2010).

The safe disposal and clean degradation of various
industrial dye molecules generated from textile, cosmetic,
paper, leather, pharmaceutical, and nutrition industries is a
serious issue in present time (Lellis et al. 2019). These dye
molecules can severely pollute aquatic environment with
adverse effect on human health and aquatic life. The
demand for highly active and reusable photocatalysts for
clean photocatalytic degradation of various organic dye
molecules is ever increasing due to increased environmen-
tal awareness. Various metal oxide semiconductor
nanostructure–based heterogeneous photocatalysts have
been tested so far for this purpose with major emphasis
on TiO2 (Akpan and Hameed 2009; Mishra et al. 2018).
However, the majority of these semiconductor metal
oxide-based photocatalysts absorb only in the UV region
and thus leaving energy available in the visible region of
the solar spectrum. In view of this limitation, a new class
of photocatalysts has been developed with wide absorp-
tion characteristics spanning UV to visible region of the
solar spectrum. Gold nanoparticle-based photocatalysts is
gaining popularity in this direction due to its ability to
absorb both UV and visible radiation, high activity, reus-
ability, and easy synthetic procedures. The major catego-
ries of gold photocatalysts reported for dye degradation
include metal oxide (TiO2, ZnO, SiO2, CuO, Fe3O4)
supported Au NP (Arabatzis et al. 2003; Hussain et al.
2016; Depuccio et al. 2015; Trivedi et al. 2016; Wang
et al. 2018), graphene material supported Au NP (Xiong
et al. 2010; Ren et al. 2015; Lu et al. 2011), carbon nitride
(C3N4) supported Au NP (Cheng et al. 2013; Bhowmik
et al. 2015), and plant (leaf) extract stabilized Au NP
(Choudhary et al. 2017; Gupta et al. 2010). The advantage
of Au NP-based photocatalysis is that it can absorb a wide
spectrum of light spanning UV to visible region. The
surface plasmon resonance (SPR) effect is responsible
for absorbing the visible region of light and the interband
electronic transition from 5d to 6sp band absorb strongly
in UV region (Sarina et al. 2013). However, due to high
surface energy, Au nanoparticles tend to agglomerate in
solution (colloidal) phase; hence solid material supported
heterogeneous catalysts are preferred than quasi-

homogeneous colloidal gold catalysts from the view point
of their robustness (higher stability) and easy catalyst
separation for recycling. Apart from stability, the support
material can also electronically influence the Au NP and
tune its catalytic activity, thus leaving the role of support
material very significant (Xiong et al. 2010; Ren et al.
2015). Graphene and reduced graphene oxide supported
gold photocatalysts reported in recent times are showing
very promising results due to strong electronic synergy
between graphene and gold (Xiong et al. 2010; Ren et al.
2015; Lu et al. 2011). Here it is to be mentioned that Au
NP only forms stable composite system on graphene
surface through creation of carbon-vacancy defect and
the functional groups present in the chemically derived
graphene. In view of this, a suitable synthetically simple
system mimicking graphene supported gold
photocatalysts where gold is electronically conjugated to
support will be very interesting. Electronically conjugated
alkyne stabilized gold nanoparticles reported by us will be
an ideal choice for this purpose due to strong electronic
conjugation between metal and ligand and high stability
of such systems (Maity et al. 2011, 2012, 2013; Srivastav
et al. 2017; Yamamoto et al. 2017; Dave et al. 2019).
However, metal nanoparticles stabilized by mono-alkyne
ligands are nicely soluble in common solvents, and hence
a new strategy is required to get conjugated polymer
network of such ligand metal nanoparticle-based material
as heterogeneous catalyst. This study reports the synthesis
of a di-alkyne (1,4-Diethynylbenzene) stabilized polymer-
ic gold nanocatalyst system and its efficiency for photo-
catalytic degradation of organic dye molecules under
visible light irradiation.

On the other hand, catalytic transfer hydrogenation
(TRH) of organic functional groups is an alternative
way of hydrogenation under mild and safe conditions
by using 2-propanol or formate as hydrogen source as
opposed to the use of highly flammable molecular hy-
drogen under high pressure (Noyori and Hashiguchi
1997; Wang and Astruc 2015; Indra et al. 2013; Su
et al. 2008; He et al. 2009). Despite tremendous effort
has been put in utilizing nanogold for various catalytic
transformations, its potential for TRH catalysis is very
little explored. In recent years, Cao et al. have reported
solid metal oxide (TiO2, Fe2O3, Al2O3, CeO2) supported
nanogold catalyzed TRH of carbonyl and nitro deriva-
tives by using isopropanol and potassium formate as
hydrogen source (Su et al. 2008; He et al. 2009). Their
proposed mechanism involves the formation of bound
hydride ions on CeO2 surface followed by its transfer to
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gold through reverse hydrogen spill over and then hy-
drogenation of carbonyl groups. Our recent work on
polyvinylpyrrolidone stabilized quasi-homogeneous
gold nanocatalyst (Au:PVP) for TRH catalysis showed
good activity with the mechanism involving direct hy-
dride formation on gold surface (Chavda et al. 2016).
However, due to its quasi-homogeneous nature, catalyst
recovery and recycling is little tedious. In view of this,
an efficient heterogenous catalyst with good catalytic
activity with ease of product and catalyst separation
ability and long-time recycling ability will be appreciat-
ed. With this aim, the present study also demonstrates
the application of synthesized gold nanocatalyst for
transfer hydrogenation of carbonyl and nitro functional
groups with special emphasis on its catalytic activity and
reusability, and at the end a plausible reaction mecha-
nism was also presented with the support of some ex-
perimental evidence.

Materials and methods

All starting materials and solvents were procured from
commercial sources. 1,4-Diethynylbenzene, phenyl
acetylene, styrene, hydrogen tetrachloroaurate
tetrahydrate (HAuCl4.4H2O), sodium tetrahydroborate
(NaBH4), polyvinylpyrrolidone, PVP (K30, 40 kDa),
and hydrogen peroxide (30% aqueous solution) were
obtained from Sigma-Aldrich Chemical Co. Carbonyl
compounds, aromatic nitro compounds, aniline deriva-
tives, alcohols, dye molecules, methylene blue (MB),
rhodamine B (RhB), auramine (AUR), indigo-carmine
(IN-CA), and Eosin Yellow (EY) were purchased from
Finer Chemicals, India, and were used as received.
Milli-Q grade water was used in all preparations, mea-
surements, and as catalysis medium.

Optical absorption spectral measurements were car-
ried out by using a JASCO V-670 spectrophotometer.
FT-IR spectra were recorded by using a JASCO FT/IR-
4200 spectrophotometer with samples prepared as KBr
pellets. Transmission electron microscopic (TEM) im-
ages were recorded by using a Philips JEM 2000FX
electron microscope operated at 200 kV equipped with
an EDX detector. Field emission scanning electron mi-
croscopic (FE-SEM) image was captured by a Zeiss
Supra 40VP FESEM operating with a 5 kV accelerating
voltage. Powder X-ray diffraction (PXRD) pattern of
Au-P1 catalyst was measured using X-ray diffractome-
ter (GNR APD 2000 PRO) with a Cu-Kα light source.

XPS measurement was performed on a JEOL, JPS-
9010MC instrument (model no.-11120-0404) using
Mg Kα source. The catalyst was pressed to form pellet
followed by vacuum drying before XPS measurement.
The spectrum was calibrated with respect to C1s peak
which was adjusted at 285 eV value. Content of gold in
the samples was determined on a Shimadzu plasma
atomic emission spectrometer (ICPE-9000). Total or-
ganic carbon (TOC) of the aqueous dye solutions were
determined by using a Shimadzu TOC equipment. Ther-
mal gravimetric analysis (TGA) was carried out by
using a Seiko TG/DTA 6300 analyzer under N2 atmo-
sphere with 1.6 mg samples. Electronspray ionization
(ESI) mass spectra were recorded by using a micromass
LCT instrument. The reaction yield for TRH reactions
was determined by using a Shimadzu gas chromato-
graph (GC 14A) coupled with an FID detector and fitted
with a silica capillary column (RTX-1).

Synthesis of the catalyst

PVP stabilized gold nanoparticle (Au:PVP) with 4 wt%
metal content was synthesized and purified through
lyophilization by following our previous protocol and
used as precursor (Chavda et al. 2016). For the synthesis
of Au-P1 catalyst, 500 mg of Au:PVP nanoparticle
(1.26 × 10−3 mmol of Au) was dissolved in methanol
(15 mL), and 0.5 g (4 mmol) 1,4-Diethynylbenzene was
added to it under stirring condition at 333 K, and the
reaction was continued for 2 h. The ligation of alkyne
ligand to gold nanoparticles results in replacement of
PVP ligand and formation of a 3D polymeric network of
1,4-Diethynylbenzene stabilized gold nanoparticles
which precipitates out from the solution as a black
material (Scheme 1). The reaction was cooled to room
temperature; the product was filtered off and washed
repeatedly with methanol followed by drying under
vacuum to get final gold catalyst (Au-P1) with isolated
yield of 142 mg (90 %) with respect to gold.

Photocatalytic dye degradation

All photocatalytic reactions were performed in a Pyrex
glass photoreactor tube using a 200 W daylight lamp
under stirring condition. Before irradiation of light, the
dye solution (10 mL, 50 μM) and 5 mg of Au-P1
catalyst were kept under stirring for 30 min to allow
the physical absorption equilibrium between dye mole-
cules and the solid catalyst. Then 100 μL of H2O2
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solution was added, and the light source was switched
on, and at specific time interval, the optical absorption
value of the dye solution was measured using UV-Vis
spectrophotometer. The catalyst from first batch of re-
action was separated by filtration and washed repeatedly
with water and acetone followed by drying at 60 °C for
6 h under vacuum. Then it was used for next batch of
photocatalytic reaction with a model dye (MB) under
above conditions. The recovery and reuse of the catalyst
were performed up to five cycles in similar fashion.

Catalytic transfer hydrogenation of carbonyl and nitro
compounds

The catalytic transfer hydrogenation reactions were per-
formed in water by taking potassium formate as hydro-
gen source at 323 K. Substrate (0.5 mmol), Au-P1
catalyst (40 mg, 5 mol% Au with respect to substrate),
and potassium formate (210 mg, 2.5 mmol) were added
to 10 mL water in a 25 mL round bottom flask fitted
with magnetic stirrer, heating mantle, and reflex con-
denser. The reaction was continued at 323 K for 8 h
under stirring (600 rpm) to get the desired hydrogena-
tion product. After completion of the reaction, the prod-
uct was isolated through extraction with diethyl ether
and then analyzed by GC and GC MS. The heteroge-
neous gold catalyst was recovered by filtration followed
by washing with acetone and drying under vacuum
before being reused for next cycle.

Results and discussion

Synthesis and characterization of the catalyst

1,4-Diethynylbenzene stabilized gold nanocatalyst (Au-
P1) was synthesized via a ligand exchange strategy by
taking Au:PVP nanoparticles as precursors using

methanol as solvent at 60 °C (Scheme 1) (Maity et al.
2011). Figure 1 shows the FTIR spectra of free ligand
and Au-P1, TEM images, and absorption spectra of the
Au-P1 and Au:PVP. The acetylenic ≡C-H stretching
frequency present in the free ligand at 3290 cm−1 is
completely absent in the Au-P1 indicating the breaking
of acetylenic C-H bond followed by successful ligation
of alkyne group to gold through C-Au bond (Scheme 1).
We could also observe 100 cm−1 red shifted -C≡C-
stretching frequency in the Au-P1 as compared to free
ligand where it is present at 2110 cm−1 due to weaken-
ing of the -C≡C- bond through its electron transfer to
gold. The carbonyl stretching frequency (1630 cm−1) of
Au:PVP (Fig. 1b) is totally absent in Au-P1, indicating
its replacement by alkyne ligand. The TEM images (Fig.
1c,d and S1) of Au-P1 and its corresponding particle
size histogram show uniform-sized particles with mean
diameter of 1.8 ± 0.3 nm as compared to 1.7 ± 0.3 nm
gold nanoparticles in the precursor Au:PVP, thus almost
retaining the size of precursor gold particles. The FE-
SEM image (Fig. S2) showed porous 3D structures of
polymeric ligand-gold nanoparticle composite. Absorp-
tion spectra of the Au nanocatalyst features exponen-
tially enhanced absorption band in the UV region due to
interband d → sp electronic transition with no sign of
plasmonic peak at 520 nm as evident from TEM analy-
sis of small (< 5 nm) size of gold nanoparticles. The
elemental composition and qualitative metal content
were confirmed through energy dispersive X-ray spec-
troscopy (EDX) (Fig. S3), and as expected only the
presence of carbon and gold was confirmed with ap-
proximate gold content of 16%. The quantitative metal
content of the catalyst was determined by ICP-OES
method, and we could find 12.8 wt% Au content in this
material. This is to be mentioned that the metal content
is quite high as compared to other supported gold
nanocatalysts, but due to strong electronically conjugat-
ed 3d network of di-alkyne-based ligand frame, the

Scheme 1 Scheme showing synthesis of 1,4-Diethynylbenzene stabilized polymeric gold nanoparticle-ligand framework (Au-P1) along
with the black precipitate of it during synthesis and after drying
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system is very robust, and we could not find any ag-
glomeration or leaching phenomenon as will be
discussed in later part. The powder XRD profile of
Au-P1 and Au:PVP (Fig. 2e) showed crystalline char-
acteristics with three prominent peaks corresponding to
(111), (220), and (311) crystalline planes of face-
centered cubic (FCC) Au lattice (Sun et al. 2004). The
chemical nature (oxidation state) of Au in the catalyst
was determined by analyzing high-resolution (narrow
scan) XPS spectra (Fig. 2a–c). A characteristic doublet
peaks with binding energy values 83.8 eV and 87.8 eV
were assigned for Au 4f7/2 and 4f5/2 orbital electrons,
respectively, confirming the zero-oxidation state of Au
(Leppelt et al. 2006). Thermogravimetric measurement
of the Au-P1 (Fig. 2d) was also performed in the tem-
perature range of 50 to 500 °C, which showed complete
decomposition of organic moiety at 500 °C and a total
wt. loss of 87.5%, thus leaving 12.5% metal content the
system. Thus, the quantitative gold content in the

catalyst measured by ICP-OES (12.8%) and TGA anal-
ysis are in good agreement.

Photocatalytic degradation of organic dye molecules

The photocatalytic degradation of a total five different
organic dye molecules (MB, RhB, AUR, IN-CA, and
EY) were carried out in aqueous medium under visible
light using Au-P1 catalyst, and the progress of those
reactions was monitored by measuring absorption spec-
trum at different time intervals. We initially started with
MB as a standard dye molecule for its photocatalytic
degradation under varying conditions. Different control
experiments were first carried out to fix the proper
experimental parameters for degradation of MB. The
absence of either light, oxygen, H2O2, or catalyst results
no reduction of absorption value measured through UV-
Vis spectra indicating that all are required for successful
degradation of dye molecules. Next, the photocatalysis

Fig. 1 aUV-Vis spectra of Au:PVP in aqueous solution and solid
state absorption spectra of Au-P1, b FT-IR spectra of 1,4-
Diethynylbenzene (L), Au:PVP, and Au-P1, c and d TEM image

with particle size distribution of Au:PVP ans Au-P1 nanoparticles,
respectively
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experiment was performed by bubbling oxygen gas for a
period of 30 min in presence of catalyst and under light
irradiation while recording the UV-Vis spectra in every
5-min interval. The observed spectral profile (Fig. S4)
shows very slow reaction with only 10% reduction of
absorbance value. The use of hydrogen peroxide as
oxidizing agent instead of molecular oxygen in next
set of experiment results complete degradation of dye
(MB) within 30 min time as evident from the UV-Vis
spectra (Fig. 3a). After successful photocatalytic degra-
dation of MB, we have tested the activity of the Au-P1
catalyst for photocatalytic degradation of other four
organic dye molecules (e.g., RhB, AUR, IN-CA, and
EY) under identical set of conditions using H2O2 as
oxidizing agent for a period of 30 min, and the reaction
was monitored in every 5 min (Fig. 3). As evident from
the time monitored UV-Vis spectra, all experiments
showed gradual decrease of optical absorption values
indicating their significant photocatalytic decomposi-
tion. To evaluate the nature of the reaction, we have

calculated and plotted ln(A/A0) versus time (Fig. 3f) for
these five reactions which fits first-order kinetic model.
The calculated rate constants for five dye compounds
are as follows: MB, 8.9 × 10-2 min−1 (R2 = 0.9852),
RhB, 2.72 × 10−2 min-1 (R2 = 0.9481), AUR, 2.49 ×
10−2 min−1 (R2 = 0.9943 ), IN-CA 3.98 × 10−2 min−1

(R2 = 0.9297 ), EY 4.1 × 10−2 min−1 (R2 = 0.9728).
However, decrease of specific absorption values can-

not guarantee complete degradation of dye molecules,
because it is possible that smaller fragmented molecules
with different optical properties are generated rather
than complete degradation of organic dye molecules.
Hence full spectrum (wavelength range) of the UV-Vis
profile of each dye molecule should be scrutinized to
determine their complete degradation. As can be seen
(Fig. 3a–e), we have measured the full spectrum of
wavelength in the range of 200–800 nm for studying
the extent of catalytic degradation of dye molecules.
Mass spectrometric analysis of all dye solutions was
also performed after photo treatment at two different

Fig. 2 XPS spectra of Au-P1 showing binding energy of (a) Au4f
orbital electron, (b) C1s orbital electron and (c) wide scan XPS
spectra of Au-P1, d TGA graph showing heat-induced degradation

profile of Au-P1, and e PXRD profile of the Au-P1 and Au:PVP
nanopowders along with standard XRD pattern of bulk gold
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time intervals (0.5 h and 3 h) to find out the traces of
different degraded fragments (Fig. 4 and Fig. S5) under
identical conditions. From the mass data measured after
30 min of dye degradation (Fig. 4), we could find the
presence of molecular ion peaks and smaller fragmented
peaks for all dye solutions except MB, indicating their
incomplete degradation, which also corroborates with
the UV-Vis absorption profiles (Fig. 3a–e). The
fragmented molecular ion peaks obtained through this
measurement are summarized in a table (Table S1).
Through scrutiny of UV-Vis absorption profiles and
mass data, it reveals that the extent of dye degradation
follows the order MB > AUR ~ RhB > EY > IN-CA
after 30 min of photocatalytic reaction. In continuation
of this study, we have prolonged the photocatalytic
reaction time up to 3 h and then again measured the
corresponding UV-Vis spectra and mass spectral pro-
files (Fig. 3a–e and Fig. S5). The analysis shows
completely diminished UV-Vis absorption profiles for
all dye molecules and insignificant presence of peaks in
the mass spectra indicating complete degradation of
organic dye molecules. Further, to ensure the extent of

dye degradation, we have also determined the TOC
values of dye solutions before and after photocatalysis
experiments (Table S2). As mentioned earlier, it is well
known that decolorization of dye does not guarantee its
complete mineralization to CO2 and H2O. TOC values
are better indicator to understand the extent of complete
(clean) dye degradation, and as can be found for all the
solutions, the TOC values are in single digit (< 10 ppm)
after photocatalysis treatment.

The recycling ability of heterogeneous Au-P1 catalyst
was also studied after filtration and drying of the catalyst
in each successive catalytic run with MB as a standard
dye. The activity was found to remain constant withmore
than 98% dye degradation for five successive catalytic
cycles which were performed under identical conditions
for a duration of 30 min and thus validates the robustness
and its high catalytic activity (Fig. S6). TEM analysis of
used catalysts showed monodispersed particles with
mean diameter 1.9 ± 0.4 nm, hence confirming negligible
agglomeration phenomenon (Fig. S7).

We have envisioned a possible reaction mechanism
in view of the chemical structure and electronic

Fig. 3 a–eUV-Vis absorption spectra showing timemonitored photodegradation of aqueous solutions ofMB, RhB, AUR, IN-CA, and EY,
respectively, by Au-P1 photocatalyst, f plotting ln(A/A0) vs. time for these five dye compounds
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properties of Au-P1 catalyst, previous reported mecha-
nism of supported gold photocatalysts (Xiong et al.
2010), and the obtained catalytic results in this study
(Scheme 2). The presence of diethynylbenzene-
conjugated units makes a pi electron-rich platform
where organic dye molecules adsorb through π–π inter-
action thus initiates the first step. The close proximity of
gold nanoparticles due to dialkyne framework may also
ensure adsorbed dye molecules’s direct interaction with
gold. The photoexcitation of dye molecules (in visible
region of spectrum) results electron transfer to gold core

through conjugated aromatic ligands. Afterwards, pho-
toexcited electrons from 6sp band of Au generates high-
ly reactive hydroxyl radical (·OH) from H2O2, which
interacts and breaks down the dye molecules.

Transfer hydrogenation of carbonyl and nitro
derivatives

After successful demonstration of photocatalytic activi-
ty of Au-P1 catalyst, its efficacy for transfer hydrogena-
tion reaction was evaluated for selected organic

Fig. 4 ESI mass spectra of photodegraded (after 30 min) five different dye solutions (a) MB, (b) RhB, (c) AUR, (d) IN-CA, and (e) EY

Scheme 2 Proposed mechanism
of visible light induced
photocatalytic degradation of
organic dye by Au-P1
nanocatalyst.
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functional groups (ketone, >C=O; aldehyde, -CH=O;
Nitro, -NO2; alkene, -CH=CH2; and alkyne, -C≡C-H).
The reactions were carried out in water by using potas-
sium formate as hydrogen source at 323 K temperature
for a duration of 8 h (Table 1). Benzaldehyde was taken
as a standard substrate to optimize the reaction parame-
ters. Initial blank tests were carefully carried out, and it
was confirmed that the absence of catalyst or formate
salt does not yield any desired product (Table 1, entry
1). The reaction of benzaldehyde with 5 mol% catalyst
and 5 equivalent potassium formate at a temperature of
353 K for 8 h results complete conversion (> 99%) to
benzyl alcohol (Table 1, entry 1). Lowering the temper-
ature to 323 K, while keeping other parameters the
same, gives us a benzyl alcohol conversion of 86%
(Table 1, entry 2), and afterward, this set of condition
was taken as a standard for scrutinizing the efficacy of
the catalyst for other substrates. The conversion of
acetophenone (55%, entry 3), nitrobenzene (78%, entry
4), styrene (< 1%, entry 5), and phenyl acetylene (< 1%,
entry 6) were observed under given set of conditions.
The results show that the catalyst could efficiently

reduce carbonyl and nitro compounds but inactive
against alkene and alkyne functional groups. The
recycling ability of Au-P1 catalyst was also evaluated
for benzaldehyde hydrogenation up to five cycles with
equal conversion efficiencies even after five cycles
(Table 1, entry 7). This is also to be mentioned that the
catalyst was separated by simple filtration followed by
washing with acetone and drying before being used for
next cycle of reaction. The results so far discussed imply
high catalytic activity, ease of catalyst separation for
recycling, and efficient reusing capacity of the catalyst
for transfer hydrogenation of carbonyl and nitro func-
tional groups. Next, we tried to shed light on a plausible
catalytic pathway for activation of formate ions on gold
surface. There are two possible pathways (Gilkey and
Xu 2016) for the activation of formate ion on gold
surface to donate (transfer) its hydrogen to the substrate
and subsequently produce hydrogenation product
(Scheme S1). In the first pathway, formate ions first
get adsorbed on gold surface along with substrate, and
then gold-hydride (Au-H) intermediates are formed
followed by transfer of hydride to substrate (metal

Table 1 Transfer hydrogenation of selected substrates catalyzed by Au-P1 in watera

Entry Substrate Product
% Conversion

1 99b (0c, 0d)

2 86

3 55

4 76 

5 <1

6 <1

7
86e, 84f, 85g, 

80h, 82i

8 5j

aAu-P1 40 mg (5 μ mol Au), substrate 0.5 mmol, HCOOK 2.5 mmol, water 10 mL, temperature 323 K, time 8 h. b at 353 K; c same
conditions, except addition of HCOOK, d same conditions, except addition of catalyst. e,f,g,h,i 1st, 2nd, 3rd, 4th, 5th recycle results. j Substrate
added 8 h after formate addition and reaction continued for another 8 h
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hydride route). In the alternate pathway, gold activates
the adsorbed formate ion electronically and promotes
direct transfer of hydride ion to substrate molecules
without forming metal hydride intermediate (direct hy-
dride transfer) (Scheme S1). Control experiments were
carried out to find out the correct pathway of formate ion
activation. It is understood that in the first pathway
(metal hydride route), formate ions will decompose with
time even in absence of substrate (aldehyde) through the
formation of CO2 and H2 due to gold catalyzed activa-
tion process, whereas in the second pathway, formate
ions could only be consumed if suitable substrates (car-
bonyl or nitro) are present in the reaction medium. Our
control experiment showed that formate ions get
decomposed by Au-P1 catalyst in absence of substrate.
For doing that, we performed experiments under identi-
cal conditions without taking any substrate (Table 1,
entry 8), and after 8 h substrate (benzaldehyde) was
added. We could find only 5% conversion of benzalde-
hyde after 8 h reaction time instead of 86% (Table 1,
entries 2 and 8). We could conjecture that this clearly
indicates the first route (direct hydride transfer) as the
operative mechanism here, as otherwise formate ion
decomposition is not possible without the presence of
substrate. Additionally, we have also performed the
transfer hydrogenation of benzaldehyde in deuterated
water (D2O) as solvent with formate (HCOOK) as pos-
sible hydride source and Au-P1 catalyst. The obtained
product (benzyl alcohol) was isolated, and we recorded
its proton NMR spectra (Fig. S8). We could observed
only hydrogen (-H) but no deuterium (-D) in the meth-
ylene peak of the product, i.e., benzyl alcohol. The
observation clearly indicates that during reduction of
carbonyl group, the source of proton is formate salt (-
HCOOK), not water (H2O).

Conclusions

In summary, a new type of ligand (1,4-Diethynylbenzene)
stabilized gold nanoparticlesmimicking graphene support-
ed gold nanocatalyst was synthesized through a biphasic
ligand exchange protocol. Monodispersed gold nanoparti-
cles with average size of 1.8 ± 0.3 nm stabilized by
polyacetylene 3D framework showed high stability
against thermal and photoirradiation conditions. FT-IR
analysis suggests that acetylenic protons from -C≡C-H
bonds breaks down and Au-C bond is formed where Au
NPs are electronically conjugated with the polymeric

acetylene framework. The synthesized Au NPs showed
high photocatalytic activity for the degradation of a range
of toxic dyes in aqueous phase under visible light irradia-
tion by using hydrogen peroxide as oxidant. The catalyst
can be reused several times without any significant de-
crease of the catalytic activity. The possible mechanism
involves dye adsorption on ligand surface followed by
transfer of electron from excited dye molecule to gold
via ligand conjugation. The excited electrons from Au
Fermi level generate reactive hydroxyl radical (·OH)
which is responsible for breaking down the dyemolecules.
The catalyst also shows good efficiency for transfer hy-
drogenation of organic carbonyl and nitro derivatives with
ease of catalyst separation for recycling and efficient
reusing capacity. The preliminary mechanistic study indi-
cates that formate ions form gold-hydride (Au-H) interme-
diate species.

Supplementary Information The online version contains sup-
plementary material available at https://doi.org/10.1007/s11051-
021-05182-9.
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