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ABSTRACT: Plasmonic nanoparticles exhibit excellent light-harvesting proper-
ties in the visible spectral range, which makes them a convenient material for the
conversion of light into useful chemical fuel. However, the need for using
surface ligands to ensure colloidal stability of nanoparticles inhibits their
photochemical performance due to the insulating molecular shell hindering the
carrier transport. We show that cellulose fibers, abundant in chemical functional
groups, can serve as a robust substrate for the immobilization of gold nanorods,
thus also providing a facile way to remove the surfactant molecules. The
resulting functional composite was implemented in a bioinspired photocatalytic
process involving dehydrogenation of sodium formate and simultaneous
photoregeneration of cofactor molecules (NADH, nicotinamide adenine dinucleotide) using visible light as an energy source. By
systematic screening of experimental parameters, we compare photocatalytic and thermocatalytic properties of the composite and
evaluate the role of palladium cocatalyst.
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1. INTRODUCTION

The development of a large assortment of plasmonic
nanocrystals in terms of composition, spectral features,
morphology, and sizes has facilitated multiple applications,
including those of plasmonic catalysis.1−8 However, an
important issue in such applications is that nanocrystals
fabricated in a liquid phase require surface ligands in the form
of long alkyl chain molecules to prevent undesired aggregation.
Such an insulating molecular shell hinders the access of
chemicals to the crystal surface, compromising its overall
catalytic activity.9,10 A straightforward strategy of removing
native ligands without the risk of uncontrolled aggregation is
the immobilization of nanocrystals on solid substrates. Several
types of substrates have been proposed so far, including
TiO2,

10 CeO2,
11 ZrO2, Al2O3,

12 SiO2,
13 glass,14−16 graphene,17

and MoS2.
18 The electronic properties of those materials,

however, alter the dynamics of carrier flow (e.g., through a
Schottky barrier), obscuring the picture of autonomous
plasmonic catalysis. There is a need for inert substrates that
can support autonomous plasmonic catalysis without affecting
the optical features of nanoparticles, the desirable targets being
organic materials of natural origin, such as cellulose.
Cellulose is an excellent scaffold candidate for the plasmonic

catalyst because of its availability, chemical robustness, and
high-surface area. In fact, cellulose has become an emerging
material, finding applications as an adsorbent,19 flocculant,20,21

photocatalyst,21,22 membrane,23,24 and film25 in water treat-
ment. In particular, the combination of cellulose with

semiconducting nanoparticles has been shown to produce an
efficient photocatalyst for hydrogen generation26 or organic
dye degradation under visible light irradiation.22,27−29 It has
also been reported that the chemically rich surface of cellulose
can serve as an excellent electron donor for hydrogen
generation using semiconducting nanoparticles as photo-
catalysts at alkaline conditions.30,31 Shape anisotropy of
cellulose fibers has been exploited in templated self-assembly
of plasmonic nanoparticles, leading to chiral optical proper-
ties32−34 or serving as a substrate for plasmon-based
biosensing.33 Regardless of targeted applications, the integra-
tion of as-prepared anisotropic plasmonic nanoparticles within
a cellulose matrix remains poorly understood because of the
excess of cationic surfactants on the surface of the particles
(e.g., cetyltrimethylammonium bromide, CTAB) that alter the
metal−cellulose interactions. Therefore, further experimental
effort is required to control cellulose−nanocrystal interactions
in the presence of a surfactant to obtain a catalytically active,
processable hybrid composite with well-controlled optical
properties.
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Recently, formic acid has attracted attention as a liquid
organic hydrogen carrier due to its high gravimetric and
volumetric H2 capacity, low toxicity, and ease of handling.35

Although the dehydrogenation of formic acid to H2 tradition-
ally requires elevated temperatures and noble metal catalysts
(Pt, Pd, and Au), several photocatalytic approaches have been
proposed, involving N-modified TiO2,

36 metal-functionalized
carbon nitride,37,38 CdS quantum dots,39 or Ag/Pd nano-
wires.40 While considering plasmonic catalysis as a useful tool
for organic transformations, one has to take into account three
phenomena related to excited plasmonic nanoparticles: local
heating, near-field enhancement, and generation of energetic
carriers. Chemical conversions can be driven either by one or
by more than one of those factors, which is strictly related to
the type of reactants and of nanoparticles used. The use of
plasmonic catalysis in the dehydrogenation of formic acid has
been reported by the group of Majima41 that suggested that
charge transfer from a gold nanorod photocatalyst to the
surface of a Pd cocatalyst, rather than photothermal heating,
dictates the process of hydrogen formation. In another
approach, Moskovits et al.,42 by using a colloidal photocatalyst
comprising Pd sheets, demonstrated the involvement of hot
carriers in the dehydrogenation of formic acid under visible
light irradiation. Although the production of molecular
hydrogen directly from formic acid is technologically
relevant,43 its storage arises safety and economic issues.
Meanwhile, in nature, the dehydrogenation of formic acid is
carried out by an enzyme known as formate dehydrogenase,
which is able to transfer hydride (two electrons and a proton)
directly to the cofactor molecules of nicotinamide adenine
dinucleotide NAD+, leading to its reduction to NADH,44

which remains chemically stable in physiological conditions
(pH 7). To the best of our knowledge, there are no reports on
photocatalytic regeneration of NADH using sodium formate as
the electron donor.
Here, we show that a combination of cellulose with metal

nanocrystals (Pd-coated gold nanorods) renders a composite
with the photocatalytic activity in the processes of dehydrogen-
ation of sodium formate and simultaneous reduction of NAD+

to NADH under visible-infrared light irradiation (Figure 1).

The fabrication of the functional composite was made possible
by the rational screening of the concentrations of CTAB,
nanoparticles, and cellulose to obtain a processable material in
the form of gels, viscous solutions, two-phase systems, or stable
colloidal solutions. Fine tuning of metal−cellulose interactions
allowed us to maintain initial optical and photocatalytic

properties of the palladium−gold nanocrystals even after the
removal of the CTAB surfactant.

2. EXPERIMENTAL SECTION
2.1. Chemicals. All of the chemicals were commercially available

and were used without further purification. Gold(III) chloride
trihydrate (HAuCl4·3H2O), potassium tetrachloropalladate(II)
(K2PdCl4), cetyltrimethylammonium bromide (CTAB), sodium
borohydride (NaBH4), L-ascorbic acid (AA), silver nitrate
(AgNO3), sodium hydroxide (NaOH), β-nicotinamide adenine
dinucleotide (NAD+), and sodium formate (HCOONa) were
purchased from Sigma-Aldrich. Hydrochloric acid (HCl, 37%) was
purchased from Scharlab. Cellulose nanofibers were supplied by
CelluForce (Canada). Deionized water (Millipore Milli-Q grade) with
a resistivity of 18.2 MΩ·cm was used in all experiments.

2.2. Synthesis of Gold Nanorods (AuNRs). Gold nanorods
(AuNRs) were prepared using a Ag-assisted seeded growth
method.45,46 Seeds were prepared by reduction of HAuCl4 (0.025
mL, 0.05 M) with ice-cold NaBH4 (0.3 mL, 0.01 M) in an aqueous
CTAB solution (4.7 mL, 0.1 M) under vigorous stirring. The mixture
was left for 30 min, being mildly stirred. To the growth solution
containing CTAB (10 mL, 0.1 M), HAuCl4 (0.1 mL, 0.05 M), AA
(0.08 mL, 0.1 M), HCl (0.19 mL, 1 M), and AgNO3 (0.12 mL, 0.01
M), a Au seed solution (0.024 mL) was added. The mixture was left
undisturbed at room temperature for at least 2 h. The final
concentration of metallic gold was 0.0005 M.

2.3. Preparation of Bimetallic Nanorods (AuPdNRs).
Palladium overgrowth was carried out in the presence of silver
anions.41 To the solution of as-synthesized AuNRs (10 mL, 0.0005
M), AA (1.136 mL, 0.1 M) was added followed by the addition of a
given amount of K2PdCl4 (0.01 M) to obtain Pd mol % of 10, 25, and
41.5 in relation to the Au molar content during the reduction step.
Finally, HCl (80 μL of 0.1 M) was added. The solution was kept at 40
°C for 12 h. The samples are thereafter referred to as Pd 10, 25, and
41 mol %, respectively.

2.4. AuNRs−Cellulose Composite. Four solutions of as-
prepared bare AuNRs (10 mL, 0.0005 M) were washed twice
(9000 rpm, 15 min) and redispersed in CTAB solutions of
concentrations 15, 10, 5, or 1 mM. Each solution of AuNRs was
titrated with the solution containing different amounts of cellulose
(5.0, 4.0, 2.5, 1.0, and 0.5 wt %) under vigorous stirring at room
temperature, keeping a volume ratio of AuNRs/cellulose = 2:1. All
samples were subjected to visual inspection and UV−vis−NIR
characterization.

2.5. AuPdNRs−Cellulose Photocatalyst Preparation. To the
solution of AuPdNRs (2.5 mL, [Au] = 0.00225 M, [CTAB] = 1 mM),
a solution of cellulose (1.25 mL, 0.5 wt %) was added dropwise under
vigorous stirring. After phase separation, the mixture was centrifuged
three times to remove the excess CTAB. The composite was
redispersed in water (2.5 mL) and contained ∼18 wt % of Au in
relation to cellulose (based on the amount of gold added).

2.6. Material Characterization. UV−vis−NIR measurements of
all samples were performed using a JASCO V-770 UV−vis
spectrophotometer. Transmission electron microscopy (TEM) images
were acquired using a JEOL JEM-1400PLUS, and scanning TEM
measurements were performed using a JEOL JEM-F200. X-ray
photoelectron spectroscopy (XPS) measurements were performed
using a SPECS Sage HR100 spectrometer equipped with a
nonmonochromatic X-ray source (aluminum Kα line of 1486.6 eV,
300 W). Thermogravimetric analysis was recorded on a TGA Q500
(TA Instruments) under nitrogen by equilibrating at 150 °C and
using a ramp of 10 °C/min up to 900 °C.

2.7. One-Pot Photochemical Regeneration of Cofactor
Molecules. The reaction mixture (2.5 mL) consisting of HCOONa
(1 M), NAD+ (1 mM), and a photocatalyst in a phosphate buffer (0.1
M; pH 5.96 or 7.91) was irradiated for 2 h at 40 °C using Fiber-Lite
MI-150 light source (Dolan-Jenner Industries). The light power
density was 200 mW/cm2, and the spectral range was 400−1200 nm.
The NADH concentration was determined based on the UV−vis−

Figure 1. Schematic representation of the hybrid photocatalyst
comprising Pd-coated gold nanorods (AuPdNRs) anchored to the
cellulose fibers. In the presence of visible light, plasmonic nano-
particles catalyze the dehydrogenation of sodium formate and
simultaneous reduction of cofactor molecules.
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NIR absorption spectra measurements. An aliquot collected every 30
min was put directly to the 1 mm quartz cuvette for measurements.
After 2 h of irradiation, the whole sample was centrifuged (3000 rpm,
15 min), and the supernatant was collected from above the precipitate
to determine the absolute amount of regenerated NADH.
2.8. Photoelectrochemical Measurements. The photocurrent

measurements were conducted on DRP-110 (DropSens) at −0.4 V
(versus Ag) by a potentiostat (Autolab Electrochemical Workstation,
PGSTAT302N) using carbon and Ag as the counter and
pseudoreference electrode, respectively. The working electrodes
were functionalized by drop-casting the solutions (15 μL) of either
bare cellulose or AuNRs−cellulose or AuPdNRs−cellulose onto the
working electrode followed by the evaporation at room temperature
overnight. For all photoelectrochemical experiments, sodium formate
(20 μL, 1 M) was deposited on the electrode surface followed by a
current stabilization time of 60 s. All analyses were performed at room
temperature. The incident light source was a halogen illuminator
(Fiber-Lite MI-150, Dolan-Jenner Industries) with a spectral range of
400−1200 nm and a power density on the sample of 87 mW/cm2.

3. RESULTS AND DISCUSSION
The interaction of negatively charged cellulose fibers with
CTAB molecules leads to the formation of gels or suspensions
whose final composition depends on the concentrations of
each component.47 Since CTAB molecules are an intrinsic
component of the colloidal dispersion of anisotropic gold
nanoparticles, the attempt at immobilization of as-prepared
nanocrystals on cellulose fibers requires an excess of a
surfactant (at least at its critical micelle concentration, 1
mM), which may result in the formation of unpredictable
phases. To ensure maximal loading of nanoparticles on the
cellulose matrix, we screened systematically experimental
conditions such as the concentration of CTAB (1−15 mM)
and cellulose (0.5−5 wt %) at a fixed concentration of bare
gold nanorods (length = 33.6 ± 4.8 nm, width = 9.3 ± 1.3 nm)
(Figure 2a and Figure S1). We found that the formation of a
stable, transparent gel and a viscous solution takes place at a
high concentration of cellulose and low concentration of
CTAB (Figure 2a, red and pink). On the contrary, a stable
colloidal solution was observed with the decrease of cellulose
concentration and the increase of surfactant concentration
(Figure 2a, blue). Presumably, either the free surfactant
molecules interact with cellulose, hindering the attachment of
gold nanoparticles, or the excess surfactant stabilizes the
dispersion of cellulose fibers that are completely covered with
nanocrystals. Nevertheless, at the optimal conditions, phase
separation occurs upon mixing the nanorods and cellulose
fibers (Figure 2a, clear blue). Thereby, a clear supernatant
remaining over the solid precipitate indicates complete
anchoring of nanorods to the fibers. Therefore, for further
studies, we selected the experimental conditions corresponding
to the clear blue area (phase separation) in the phase diagram.
To confirm that the optical properties of our hybrid system

stem from the presence of gold nanorods and not from the
scattering contribution from the cellulose substrate, we
performed a quantitative spectroscopy analysis of each sample,
estimating the intensity ratio of longitudinal and transverse
surface plasmon bands (Figure 2b and Figure S2). We found
that the intensity ratio between two plasmon bands increases
with decreasing amounts of both cellulose and CTAB at
constant gold nanorod loading. Therefore, we set the values of
1 mM and 0.5 wt % as the optimal CTAB and cellulose
concentrations, respectively. To maximize the gold content
within the hybrid material without altering optical properties,
we prepared a set of samples with a constant volume ratio of

AuNRs/cellulose (2:1 v/v), fixed CTAB (1 mM), and cellulose
(0.5 wt %) concentrations (Figure 2c and Figure S3). The
analysis of optical properties shows that above 18 wt % Au, the
plasmon band intensity decreases, which is accompanied by its
broadening. Presumably, the reason for such behavior is
plasmon coupling, originating from small interparticle
distances.48 Therefore, to avoid the effect of plasmon coupling
on the photocatalytic process, we set 18 wt % of Au as the
upper limit.
Subsequently, we extended the optimized conditions for the

incorporation of plasmonic nanoparticles into the cellulose
matrix to the Pd-coated gold nanorods (AuPdNRs). The
overgrowth of nanorods with Pd was performed according to
the previously published method.41 Optical characterization
confirmed the reduction of Pd on the gold surface. With an
increasing amount of Pd (10, 25, and 41 mol %), the plasmon
band was progressively damped and broadened, which is due
to the higher values of the imaginary parts of the dielectric
function of palladium as compared to gold (Figure 3a).49

Despite the decrease of the longitudinal plasmon band
intensity, the absorption coefficients are unaffected, which
results in the reduced re-emission of photon.50 The presence of
Pd on the surface of the nanoparticles was confirmed by
scanning transmission electron microscopy (STEM) and
energy dispersion spectroscopy (EDS) elemental maps (Figure
S4). The characterization of the composite comprising
cellulose and AuPd nanoparticles by low-resolution TEM
confirmed the attachment of the nanoparticles to the fibers
since the nanoparticles follow the direction of dry fibers on the
TEM grid, and no free AuPdNRs were found apart from the

Figure 2. AuNRs−cellulose (2:1, v/v) composite. (a) Quasi-phase
diagram of the system as a function of both CTAB and cellulose
concentrations at a constant Au loading. Representative digital images
of four identified phases: gel, viscous solution, two-phase system, and
stable solution. (b) Quantitative optical analysis of two-phase systems
(clear blue in panel (a)) showing that plasmon band contribution to
the overall optical properties of the material is substantial only at low
CTAB and cellulose concentrations. (c) UV−vis−NIR spectra of the
two-phase systems with different Au mass contents (wt %) in relation
to the dry mass of cellulose, showing a broadening of the longitudinal
plasmon band above 18 wt % of Au.
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cellulose fibers. (Figure 3b). STEM analysis further confirmed
the selective attachment of the nanocrystals to the fibers
(Figure 3d). It is worth mentioning that the composite exhibits
good structural integrity over a wide range of pH (2−10)
(Figure 3c). Finally, X-ray photoelectron spectroscopy (XPS)
revealed the presence of Au and both Au and Pd/PdO in
AuNRs−cellulose and AuPdNRs−cellulose samples, respec-
tively (Figure S5). In addition, the high-resolution XPS (Figure
3e) confirmed the presence of various functional chemical
groups in the composites (namely COOH, C−O, CO, and
C−NH) that originate from cellulose and indicate the
abundance of anchor points for metallic nanoparticles. Such
a statement is further confirmed by the absence of Br 3d peaks
at 68.7 eV in both AuNRs−cellulose and AuPdNRs−cellulose
composites (Figure 3e, right column). This confirms that after
the immobilization and subsequent washing, the CTAB is
removed from nanoparticles, thereby making the metal surface
accessible for photochemical processes.
The exposure of the AuPdNRs−cellulose composite to the

white light (400−1200 nm, 200 mW/cm2) in the presence of
sodium formate (1 M) led to the gradual conversion of NAD+

(1 mM) to NADH, corroborating our central hypothesis of
direct cofactor reduction using sodium formate as an electron
donor (Figure 4). The qualitative analysis of produced NADH
over time was obtained by monitoring the absorbance at 340

nm (molar absorption coefficient, 6220 M−1 cm−1). The
presence of metallic Pd on gold nanorods was critical for the
overall photocatalytic process since no NADH formation was
observed on the bare gold nanorods (Figure S6). Nevertheless,
we observed that with the increasing Pd amount (from Pd 10
to Pd 41 mol %), the rate of NADH production increased
(Figure 4a). Similarly, with an increasing amount of the
composite (measured as absorbance at the maximum of the
longitudinal plasmon band), the conversion rate of NADH
increased, reaching a maximum conversion of 40% at AbsLSPR =
2 (Figure 4b). The rate of NADH reduction is also pH
dependent. That is, at pH 8, the amount of regenerated NADH
after 2 h of irradiation was five times higher compared to the
reaction performed at pH 6 (Figure S7). It has been reported
that dehydrogenation of sodium formate to molecular
hydrogen on a Pd electrode is the most efficient at the value
of pKa of formic acid (∼4).51 On the other hand, it has been
shown in other studies that NADH molecules exhibit better
stability at pH > 7 since at low pH, NADH oxidizes back to
NAD+.52 Therefore, while at a lower pH, the dehydrogenation
of sodium formate can be favored, the back oxidation of as-
reduced NADH molecules at a low pH can diminish the
overall performance of the process. This suggests that the
overall efficiency of the process depends on the stability of the
end product (NADH) rather than the rate of formic acid
dehydrogenation. Finally, under visible light, bare cellulose
shows no photocurrent density at −0.4 V versus the Ag
electrode as compared to the photocurrent density of
AuPdNRs−cellulose. This leads to an important conclusion
that cellulose is an inert component in the plasmonic catalysis
(Figure 4c).
It is commonly known that dehydrogenation of sodium

formate to molecular hydrogen on palladium as the catalyst can
lead to the formation of palladium hydride, which inhibits
hydrogen evolution.42 Similarly, it is known that the reduction
of NAD+ to NADH can proceed in the presence of molecular
hydrogen.53 Therefore, we asked to what extent both processes
(dehydrogenation of sodium formate and NAD+ reduction)
are surface dependent. In a first control experiment, a sample
containing a photocatalyst (Pd 41 mol %), sodium formate (1
M, pH 8), and NAD+ (1 mM) was exposed to visible light for
1 h followed by monitoring of NADH evolution in the dark
(Figure 5a and Figure S8a). We observed a gradual increase of

Figure 3. AuNRs−cellulose and AuPdNRs−cellulose composites. (a)
UV−vis−NIR spectra of AuNRs coated with different Pd contents.
(b) TEM image of AuPdNRs attached to the cellulose fibers. (c)
UV−vis−NIR spectra of the composite at different pH. Inset: FWHM
values of the longitudinal surface plasmon bands at different pH on
the corresponding spectra. (d) STEM image (dark mode) of the
composite with visible cellulose. Inset: TEM image of individual
AuPdNR coated with Pd (Pd 41 mol %). (e) Photoemission spectra
and fit of C 1s (left column) and N 1s (middle column) for AuNRs−
cellulose (upper row) and AuPdNRs−cellulose (lower row). In both
composites, the native surfactant is removed since no Br was detected
(right column).

Figure 4. Photoregeneration of NADH under visible light and the
effect of cellulose on the photocatalytic performance. (a) Effect of the
Pd content and (b) composite concentration on the photo-
regeneration of NADH. (c) Photocurrent response at −0.4 V versus
the Ag electrode and 1 M sodium formate under periodic on/off
visible-NIR light (400−1200 nm) of bare cellulose compared with
AuPdNRs−cellulose.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.9b21556
ACS Appl. Mater. Interfaces 2020, 12, 19377−19383

19380

http://pubs.acs.org/doi/suppl/10.1021/acsami.9b21556/suppl_file/am9b21556_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b21556/suppl_file/am9b21556_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b21556/suppl_file/am9b21556_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b21556/suppl_file/am9b21556_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.9b21556?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b21556?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b21556?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b21556?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b21556?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b21556?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b21556?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b21556?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.9b21556?ref=pdf


NADH concentration, suggesting that light induces the
accumulation of species capable of reducing NAD+ to
NADH in the dark. These species can be palladium hydride
or temporally reduced surface functional groups of cellulose.
The accumulation of reductive species was further confirmed
in another control experiment in which the photocatalytic
mixture containing a photocatalyst and sodium formate (no
NAD+) was pre-irradiated for 1 h and followed by the addition
of NAD+. A reduction of NAD+ to NADH was recorded
(Figure 5b and Figure S8b). To exclude an eventual
contribution of molecular H2 in NADH reduction, we removed
AuPdNRs−cellulose by centrifugation from the photocatalytic
mixture containing sodium formate and NAD+/NADH once
the light was switched off. No further NADH reduction was
observed in the resulting supernatant (Figure 5c and Figure
S8c). All the above results suggest that the dehydrogenation of
sodium formate and the reduction of NAD+ to NADH are
surface dependent. Importantly, the electron-donating charac-
ter of cellulose can be ruled out since no reduction of NAD+ to
NADH was observed in the absence of sodium formate (Figure
S9).
Since catalytic dehydrogenation of sodium formate requires

elevated temperatures, thermal and photocatalytic contribu-
tions to the process of NADH regeneration were evaluated.
The reduction of NAD+ to NADH in the dark, in the presence
of the photocatalyst, increases with increasing temperature:
while no NADH is observed at 30 °C, nearly 12% was detected
at 60 °C (Figure 5d). The presence of light (within the same
temperature range) additionally increases the amount of
regenerated NADH. However, the ratios of NADH reduced
during irradiation to NADH reduced in the dark decrease from
3.7 to 1.4 to 1.2 as the temperature increases from 40 to 50 to
60 °C, respectively, suggesting the decreasing contribution of
the plasmonic effect with the increase of temperature.
Nevertheless, a higher ratio of NADHlight to NADHdark at 40
°C indicates the inherent contribution of the plasmonic effect.
Our results are consistent with the observation by Majima and
co-workers41 who attributed the hydrogen evolution from

formic acid on Pd-coated gold nanorods to the transfer of
carriers from the metallic gold to the palladium shell.
Since AuPdNRs immobilized on cellulose matrix are easy to

handle, the photocatalytic performance in four consecutive
runs was tested, showing that the material preserves photo-
catalytic activity (Figure 5e and Figure S10). The drop to
nearly 60% of its initial efficiency suggests a progressive
inhibition of the metal surface by the cellulose fibers. It is
conceivable that both chemically rich surface and the dynamic
structure of cellulose can cause a gradual embedment of the
plasmonic nanocrystal within the scaffold matrix upon the
exposure to harsh chemical environments during the photo-
chemical process. Finally, while the presence of extra CTAB is
needed to homogeneously distribute nanoparticles on cellulose
fibers (Figure 2), the presence of extra surfactant molecules in
the AuPdNRs−composite inhibits completely the photo-
catalytic activity of the material (Figure S11). Thus, it has to
be emphasized yet again that the benefit of using the cellulose
scaffold lies in the possibility of eliminating the surfactant
molecules during postsynthetic processing without altering the
optical properties of the nanoparticles and in enabling the
occurrence of surface processes.

4. CONCLUSIONS

We showed a conceptually new plasmon-based photochemical
process in which surface plasmon resonance drives the
dehydrogenation of sodium formate and simultaneous
reduction of cofactor molecules, reaching up to 40% of
conversion without the need of using molecular mediators.
The surface of Pd-coated gold nanorods catalyzes the
simultaneous dehydrogenation of formic acid and reduction
of the cofactor as a photocatalyst. The surface photocatalytic
process in the colloidal phase was made possible by anchoring
plasmonic nanoparticles onto cellulose fibers, which played the
role of an inert scaffold after the removal of the native
surfactant molecules. The nanoparticles−cellulose hybrid
photocatalytic system was obtained by a rational screening of
the concentrations of each component (plasmonic nano-
particles, surfactant, and cellulose), enabling thus the
fabrication of a wide variety of composites of different phases,
including gel, viscous liquid, two-phase system, or stable
colloidal solution. We foresee that with the functionality
demonstrated here, the plasmonic nanocrystals−cellulose
hybrid system can serve as a starting point toward processable
macroscopic materials with hierarchical structuring employing
of 3D printing technology.54
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Figure 5. Control experiments, photocatalysis versus thermocatalysis,
and material reusability. (a) Reduction of NADH in the dark
preceded by irradiation of the mixture (1 M formate, 1 mM NAD+,
and AuPdNRs−cellulose). (b) Reduction of freshly added NAD+ to
the pre-irradiated mixture (1 M formate and AuPdNRs−cellulose).
(c) No NADH reduction in the dark after pre-irradiation of the
mixture (1 M formate, 1 mM NAD+, and AuPdNRs−cellulose) and
removal of AuPdNRs−cellulose. (d) Effect of temperature on NADH
regeneration under dark and light conditions. (e) Reusability of the
composite in NADH photoregeneration.
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