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We report a robust and recyclable "dip-catalyst" based on a
gold nanoparticle (Au NP)-loaded filter paper composite,
prepared by a simple dip-coating process using concentrated
Au NP suspensions in toluene. While acting as catalysts, the
composites display excellent surface enhanced Raman
scattering (SERS) efficiency, allowing the real-time
monitoring of chemical reactions.

Research on metal nanoparticle-based catalysis by multiple
industrial applications, as well as by the need of fundamental
understanding of nanoscopic behaviour for efficient catalysis.'™
Noble metal nanoparticles (NPs) such as gold, palladium and
platinum of wvarious morphologies have been extensively
investigated for a number of chemical reactions due to their high
catalytic activity. Unlike Pd and Pt, gold NPs additionally exhibit
rich optical properties in the visible and near infrared regions due to
the so-called localized surface plasmon resonances (LSPRs), which

arise from the coherent oscillation of conduction band electrons.>

SAdditionally, the resulting spatial confinement and field
enhancement render these NPs suitable for LSPR based optical
sensing’  or surface enhanced Raman scattering (SERS).B'10

Therefore, LSPRs in Au NPs can be utilized as an additional
tool to study catalyzed reactions by monitoring the time-
dependent SERS signals of reactants and/or products, while
employing the same NPs as catalysts. Colloidal suspensions of
Au NPs with different morphologies have recently been
investigated in this context.'"'* However, the use of NPs in
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solution is usually limited by the need to maintain their
colloidal stability, as well as reusability, under typically harsh
reaction conditions. One general approach that is often applied
to overcome this limitation comprises the integration of NPs
within kinds of solid supports, leading to
nanocomposites with greater stability and recyclability.'>""®
Recently, we and other research groups have introduced
ordinary filter paper as a suitable support material for NPs as it
offers several advantages apart from particles stability, such as
low-cost, biodegradability, flexibility and availability.® 20-2*
Most reports dealing with Au NP-loaded paper substrates were
mainly focused on their application as SERS substrates for
sensing.® 2°2* Most of these approaches involve the attachment
of NPs from aqueous dispersions, which limits the NP
concentration and therefore requires longer dipping times
(typically 48-48 hours) to obtain a sufficiently high loading.?*
%5 Additionally, since the nanoparticle-paper interaction is
mainly driven by electrostatics, surface charge further hinders
high surface loadings and therefore prevents the nanoparticle
self-assembly. These limitations could be overcome if the
doping process is promoted from non-aqueous NP dispersions.
We report a fast strategy that can easily be extended to large
scale fabrication of robust and recyclable "dip-catalysts" with
the ability to exhibit strong SERS activity. The approach is
based on simple dip-coating of filter paper in a concentrated Au
NP dispersion in toluene. The proposed strategy relies on the
capability of filter paper to wick fluids (especially volatile
solvents, such as toluene), combined with the strong Van der
Waals and hydrophobic interactions between metal particles
and cellulose fibers and the spontaneous self-assembly of
oleylamine stabilized nanoparticles upon drying.*® The catalytic
activity and recyclability of such a dip catalyst was tested for
the conversion of 4-nitrophenol (4-NP) into 4-aminophenol (4-
AP),which indicated that the rate constants remained practically
constant for up to 20 reaction cycles. Additionally, such
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Fig.1(A) TEM image of oleylamine-capped Au NPs. (B) Photograph of Au nanoparticle-doped filter papers. (C&D) SEM images of Au NPs on filte
paper(inset in D shows the Au NP packing at higher magnification, scale bar represents 50nm).. (E) Reaction scheme for the conversion of 4-NP to 4-

AP in the presence of NaBH4 and Au-NPs filter paper. (F) Time evolution of the UV-visible absorption spectra, showing the gradual decrease of 4-

nitrophenolate ions (peak at 400 nm) and the gradual production of 4-AP (peak at 300 nm). The yellow colour of solution becomes colourless afte:

complete reaction of 4-NP. (G) Kinetic trace of the absorbance at 400 nm during the reaction of 4-NPand the best fit of a first order equation to the

experimental data (red line). (H) Observed first-order rate constants, ko, for 20 consecutive reaction cycles using the same Au NP loaded paper. The

inset shows their corresponding catalytic conversion efficiency.

"dip-catalysts" can be used to probe the progress of the reaction
on the catalytic surface by monitoring the fingerprint signals of
reactants and products through SERS.

the first
preparation of Au NPs in volatile organic solvents in high

In this approach, step comprises the
concentrations. Monodisperse oleylamine-capped Au NPs were
prepared in toluene by means of a previously reported
method,?” followed by washing with ethanol and redispersion in
10 mL of toluene. A representative TEM image of the prepared
Au NPs is shown in Fig.1A, from which the average particle
size was found to be 12 nm (+1 nm). The corresponding UV-
visible spectrum of the Au NPs colloid exhibits an extinction
maximum at 522 nm (Fig.S1, ESI{). The Au NPs were then
impregnated into filter paper by simply dipping the paper into a
concentrated colloid in toluene, followed by drying using hair-
drier. This process was repeated for 5 times in order to achieve
a close packed Au NP assembly. This paper based dip-catalyst
is flexible, and its size and shape can be adjusted depending on
the requirement. The loading of Au NPs into filter paper is
clearly visible to the naked eye through a purple colour, as
shown Fig.1B, which originates from the collective LSPR
absorption of close-packed Au NPs upon adsorption and
assembly on the cellulose fibers of filter paper. It is important
to note that the particles do not desorb upon immersion in
various solvents, indicating strong adsorption via van der Waals
forces and hydrophobic interactions between the particles and
the cellulose fibers. The Au NPs impregnated paper was
characterized by SEM (Fig.1C and 1D), which reveals
assembly of the NPs into small domains (~500 nm to 1 pm,
magnified SEM images are shown in Fig.S2, ESI{). The as-
prepared Au NP-loaded papers were washed with concentrated
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NaBH, solution to remove oleylamine from the surface of
particles and facilitate access of the reactant molecules to the
metal surface.”® SEM images taken before and after washing
confirm that the particle morphology and their organization on
the filter paper were not affected (Fig.S3, ESIT).

An ideal catalyst should exhibit high catalytic activity,
excellent stability, recyclability, operation simplicity and ability
to generate fingerprint signals of reactants, products and
intermediates to monitor the reaction progress.”’ The catalytic
activity and recyclability of Au NP-loaded filter paper was
tested as "dip-catalyst" for the conversion of 4-nitrophenol (4-
NP)into 4-aminophenol (4-AP) (Fig.1E). This reaction can be
typically monitored by UV-visible spectroscopy,
nitrophenolate ions and 4-AP display absorption bands centred

since

at 400 nm and 300 nm, respectively (Fig.1F). Immersion of the
dip-catalyst into the reaction medium leads to a gradual
decrease of the nitrophenolate ions band along with the gradual
increase of the intensity of the 4-AP band, which indicates the
catalytic conversion of 4-NP to 4-AP (Fig.1F).Complete
conversion was achieved within 30 min, as reflected by the loss
of colour in the solution. The large excess of NaBH,with
respect to 4-NP allows us to treat the kinetics of the catalytic
process as a pseudo-first order reaction. Fig.1G shows the
reaction kinetics through a plot of the absorption intensity at
400 nm vs. reaction time, as well as a fit with a first order rate
equation that yields a calculated rate constant of 1.7x107s™. In
order to check the reusability of the "dip-catalyst", the same
catalytic substrate was used for 20 consecutive reactions and it
was found that the rate constant and catalytic efficiency did not
vary throughout all 20 reaction cycles, indicating excellent
stability and recyclability (Fig.1H).

This journal is © The Royal Society of Chemistry 2012
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Fig.2(A)SERS spectra of 1-NAT on Au NP-loaded paper at three
different excitation wavelengths (633, 785, 830 nm). (B) Plot of
concentration of 1-NATvsSERS intensity of the 1371 c¢cm™ band. (C)
Optical microscopy image of paper fiber at which the Raman mapping

was performed and Raman intensity maps at 1371 cm™ with excitation
laser wavelengths of 633 and 785nm.

In addition to the catalytic properties of Au NP-loaded
paper, we have further explored its performance in SERS,
which we intended to use for monitoring chemical reactions
taking place on their surface. We used 1-napthalenethiol (1-
NAT) as a standard Raman active probe molecule. Fig. 2A
shows the SERS spectra of 1-NAT obtained with three
excitation laser wavelengths, 633, 785 and 830 nm, which show
the typical vibrational pattern of 1-NAT,including peaks for C—
S stretching (392 cm-1), C-H bending (1195 cm-1), ring
stretching (1371, 1500, and 1553 cm™), ring breathing (818 and
964 cm™), and ring deformation (514, 536, 660, and 792 cm™).
Interestingly, the Au NP-loaded substrates exhibit good SERS
activity with all three excitation wavelengths, which is probably
due to extensive surface plasmon coupling between densely
packed Au NPs on the paper substrate.® *?° A detection limit of
0.1 nM was determined for the 785 nm excitation laser line.
(Fig.S4, ESIY). The plot of concentration vs. Raman scattering
intensity shows a monotonic increase of SERS signals with
concentration of 1-NAT, as shown in Fig. 2B. Additionally,
SERS mapping was performed over an extended area (~100 um
x 100 pum, step size of 1 um ) for two laser lines (633 and 785
nm). The optical image and the SERS maps (for the peak at
1371 em™) in Fig. 2C show a nearly uniform SERS intensity on
the fiber surface, with a slightly higher intensity at the edges,
likely due to the addition of signals from bottom fibers. Overall,
the SERS results clearly indicate that the Au NP-loaded paper
substrate exhibits SERS activity with a wide range of excitation
lasers and homogeneous signals, rendering it an excellent SERS
substrate for practical applications. As compared with recent
reports of highly efficient SERS substrates prepared by dipping
paper in aqueous solutions of NPs for 24-40 hours,?" *the
present substrate can be prepared in large areas within short
time by a simple dipping process.

So far we have demonstrated that Au NP-loaded filter paper
exhibits excellent SERS activity together with efficient
catalytic activity and recyclability, so the next step is to analyze

This journal is © The Royal Society of Chemistry 2012
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Fig.3 (A) Schematic illustration of 4-NTP conversion to 4-ATP on
the Au NPs-loaded paper surface and probing the progress by
SERS. (B&C) Time dependent SERSspectra of 4-NTP conversion.
(D) Kinetic trace of the SERS intensities at 1571 cm™ (4-NTP)and
at 1590 cm™ (4-ATP). The lines represent the best fit of a first order
equation to the experimental data.

if these substrates could be used as catalytic SERS platform for
real-time monitoring of chemical reactions that take place on
the catalytic surface. To facilitate the study, the conversion of
4-nitrothiophenol (4-NTP) into 4-aminothiophenol (4-ATP)
was selected as a model reaction in which the thiol groups in
the molecule drive the chemisorption of the molecule on the
surface of Au NPs that are adsorbed on the filter paper (see Fig.
3A). First, Au NP-loaded filter paper was soaked in a 4-
NTPsolution and the adsorption was characterized by SERS
(Fig.S5, ESIT). A detection sensitivity for 4-NTPwas found to
be 1 nM (for the 785 nm excitation laser line) and the substrate
exhibited excellent homogeneity with 10-15% intensity
variation over large areas (Fig.S5, ESIt). Finally, the reduction
of 4-NTP into 4-ATP was followed by SERS. Fig.3B displays
the time dependent SERS spectra of4- NTP functionalized
substrate that was recorded continuously for 15 min after
adding a NaBH, solution( 0.1 M). The SERS spectra of 4-NTP
exhibit three main characteristic peaks at 1080, 1343 and1571
cm’™!, attributed to C-S stretching, O—N=0 symmetric stretching
and phenyl ring stretching modes, respectively. As the reaction
progresses, the peak intensities at 1343 and 1571 cm™ were
observed to gradually decrease while a new peak shows up at
1593 ¢cm’™, corresponding to the phenyl ring of 4-ATP. Fig. 3C
clearly shows that the conversion of 4-NTP into 4-ATP was
completed within 15 min, as indicated by the complete
disappearance of the peak at 1343 cm™ and the emergence of the
peak at 1593 cm’'.

The nitro to amine reduction can be considered as a two step
consecutive reaction, either by a direct route via a hydroxylamine
intermediate (see Scheme S1) or via a condensation route
(through the formation of an azo compound).’® For instance, it
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has been reported that the 4-NTP to 4-ATP conversion could
proceed through dimerization and formation of 4,4'-dimercapto-
azobenzene (4,4'-DMAB) when the reaction was catalyzed by
metal nanoparticles in colloidal solutions.'*'* In our experiments
we did not observe the formation of intermediates such as
hydroxylamine or dimercaptoazo benzene as showed in the SERS
spectra (Figure 3B), suggesting that in the present case the
intermediate reacts very fast and therefore it cannot be detected.

Additionally, the time evolution of the Raman scattering
modes of 4-NTP (1343 cm™) and 4-ATP (1593 cm™') allowed us
to quantify the fraction of reactant (4-NTP) and product (4-
ATP)at various reaction times. The reaction kinetics were treated
as a pseudo-first order reaction (NaBH,concentration is in large
excess with respect to 4-NTP) and we applied the steady-state
approximation (since the evidences show that the intermediate
reacts very fast).The steady-state approximation requires that the
reaction rate of the second step will be larger than the first one,
and therefore the formation of the intermediate should be the rate
determining step. The fit of the exponential decrease of the 1343
cm™ band to a first order equation resulted in a rate constant for
the first step (kg) of 5.09 107 s'. Therefore, the product
formation, i.e. the band located at 1593 c¢cm™, should show an
exponential increase with time, also with a first order rate
constant (kp) similar to that for the first step (kg). The good
agreement between both reaction rates (5.09x107 s7'vs.6.57x107
s for kg and kp, respectively) indeed demonstrate the previous
assumption.

In conclusion, we report a new type of bifunctional "dip-
catalyst" based on Au NPs loaded on filter paper, which can be
prepared by simple dip-coating of paper in concentrated Au
NPs dispersions in toluene. The catalyst shows excellent
recyclability with unchanged catalytic efficiency for more than
20 consecutive cycles. In addition, the catalytic substrate
exhibits high SERS efficiencies that allow us to monitor the
progress of reactions occurring on catalytic surfaces through the
detection of SERS signals of reactants and products. The
present work is expected to open new ways of application of
multifunctional NP-loaded paper, not only for heterogeneous
catalysis but also for monitoring reaction progress by SERS.
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While acting as catalysts, Au NP-loaded paper composites
display excellent surface enhanced Raman scattering (SERS)
efficiency, allowing the real-time monitoring of chemical
reactions.
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