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Abstract

Insight into the nature of transient reaction intermediates and mechanistic pathways involved in
heterogeneously catalyzed chemical reactions is obtainable from a number of surface
spectroscopic techniques. Carrying out these investigations under actual reaction conditions is
preferred but remains challenging, especially for catalytic reactions that occur in water. Here, we
report the direct spectroscopic study of the catalytic hydrodechlorination of 1,1-dichloroethene in
H»0 using surface-enhanced Raman spectroscopy (SERS). With Pd islands grown on Au
nanoshell films, this reaction can be followed in situ using SERS, exploiting the high
enhancements and large active area of Au nanoshell SERS substrates, the transparency of Raman
spectroscopy to aqueous solvents, and the catalytic activity enhancement of Pd by the underlying
Au metal. The formation and subsequent transformation of several adsorbate species was
observed. These results provide the first direct evidence of the room-temperature catalytic
hydrodechlorination of a chlorinated solvent, a potentially important pathway for groundwater
cleanup, as a sequence of dechlorination and hydrogenation steps. More broadly, the results
highlight the exciting prospects of studying catalytic processes in water in situ, like those involved
in biomass conversion and proton-exchange membrane fuel cells.
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1. Introduction

Characterization of the binding and/or reaction of adsorbates at the surfaces of platinum
group metals is of great importance for the understanding and improvement of catalytic
reactions. Electron energy loss spectroscopy (EELS), for example, is highly satisfactory in
detecting molecules bound to model surfaces, but suffers from the need for expensive
equipment and ultrahigh vacuum environments. Hence, it cannot be used to replicate actual
behavior of catalytic reactions that occur at or above atmospheric pressure or in the presence
of a liquid. Fourier transform infrared spectroscopy (FTIR), often coupled with the use of
attenuated total reflectance (ATR) techniques and Raman spectroscopy, has also been used
to characterize adsorption processes, but the technique is not surface selective, and signal-to-
noise ratios often suffer from solvent effects. Moreover, with the growing trend toward
greener aqueous-based reactions, the technique is especially limited by the strong IR
absorption of the O—H stretching modes of water. Additionally, current techniques often
require integration times much longer than actual reaction times. There is a critical unmet
need for sensitive, surface-selective, and easy-to-implement methods to provide detailed
molecular-level information on heterogeneous catalytic reactions while they occur under
realistic reaction conditions.”®

Discovered in the late 1970s, surface-enhanced Raman spectroscopy (SERS) is a strong
candidate to fulfill this need.2*7‘10 Raman spectroscopy detects molecules with chemical
bonds that exhibit changes in polarizability, and SERS provides orders-of-magnitude
improvement in detection limit through the use of nanostructured metal substrates. The
primary mechanism responsible for the surface enhancement is the ability of the metal to
support directly excitable surface plasmons at the excitation laser wavelength and across the
Stokes frequency range. This plasmon response provides an intense electromagnetic field at
the metal surface at both the excitation and the Stokes wavelengths.11 Traditional SERS
substrates, such as roughened metal electrodes and aggregated metal nanoparticles, typically
offer moderate enhancements of up to 10°.

With recent developments in understanding structure effects on plasmonic behavior in metal
nanostructure synthesis, SERS substrates with higher and more highly reproducible
enhancements can be designed.12 Engineered substrates based on nanometer-sized metallic
shapes, like rods, rings,13 gaps,14 bowties,15 and shells,16 offer SERS enhancements of up to
10°. In particular, Au nanoshell (NS) SERS substrates have been successfully used to
determine conformation of surface-bound biomolecules’’ ' and to transduce the spectral
signature of surface-bound thiols in a high-resolution all-optical pH nanosensing device. ™
The large active area for SERS on nanoshell surfaces, along with the large and highly
reproducible enhancements designed into these structures, provide a SERS-active substrate
that is quite promising for monitoring catalytic processes.

Weaver and others have carried out extensive SERS investigations of catalytic metals,
focusing primarily on aqueous-phase electrocatalytic interfaces in which the substrates were
roughened noble metal electrodes or nanoparticles coated with 1-2 nm of catalytic

metal. *-** Some of the reports detailed the adsorption characteristics of catalytically
relevant molecules, such as ethylene, methanol, and carbon monoxide, as a function of
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electrode potential; evidence of possibly catalyzed molecular transformations was seen (for
reviews, see refs 20, 21, 24). More recently, structured substrates consisting solely of the
catalytic material have been introduced.”>*® These materials approaches offer enhancements
of 10%-106, although spectral and temporal resolution remains limited. Engineered
substrates, thus far, have not been developed for studying or monitoring catalytic reactions.

In this study, catalytically responsive and SERS-active functionalities were combined in a
single substrate by depositing Pd (the catalytic surface) onto Au nanoshells (the SERS
substrate). This structure is based on our recent reports of the unexpectedly high activity of
Au nanoparticles coated with a submonolayer of Pd metal for the room-temperature,
aqueous-phase hydrodechlorination (HDC) of trichloroethene (TCE).27'28 Gold likely
enhances Pd catalysis through geometric and mixed site effects; electronic effects may play
a factor also. With important implications for groundwater treatment, these Pd-on-Au
nanoparticle (Pd/Au NP) catalysts are highly efficient for perchloroethene (PCE) and other
water-borne contaminants and are more resistant to poisoning as compared to Pd-only
catalysts.29 It has been proposed previously that TCE degrades through sequential
dechlorination and hydrogenation steps, but evidence has been lacking. By combining the
nanoshell SERS sensing geometry with submonolayer Pd deposition, this same enhanced
catalytic activity can now be monitored in situ using SERS.

2. Experimental Section

2.1. Preparation of Au NS and Pd/Au NS

The multistep preparation is detailed as follows (Figure 1a). Au nanoshells (NSs) were
prepared as described previously.16 Briefly, 1 mL of 120 nm diameter silica colloid
(Precision colloid P120) was added to 26 mM aminopropyltrimethoxysilane in ethanol and
aged overnight. The solution (500 L) was then added to 40 mL of a sol of 1-2 nm Au NPs,
previously prepared via the Duff method30 and aged for at least 2 weeks. The sample was
aged overnight to allow the electrostatic self-assembly of the negatively charged Au NPs to
the positively charged amine groups on the modified silica colloid. The sample was then
centrifuged and redispersed in deionized water three times to ensure the removal of excess
Au NPs, leaving a final volume of ~1 mL. The sample (15 z1.) was added to 3 mL of an
aqueous solution of 370 M HAuUCI, and 18 mM K,CO3 and was stirred. The gold salt was
then reduced onto the silica cores by adding 30 £ of 30 wt % formaldehyde and shaking
vigorously for 5 min. The sample was then centrifuged and redispersed in deionized water to
ensure the removal of excess gold salt. The final volume of the solution was 3 mL.

The UV-visible spectrum of the Au NSs was fit using Mie scattering theory to determine the
size and concentration of particles. Quantitative agreement between experimental and
theoretical NS spectra was obtained for 60 nm radius SiO, core and 22 nm Au shell
thickness (Figure 2a,b), with the overall radius of 82 nm confirmed by analyzing 200
particles with SEM (Figure S1). The concentration of NSs was determined to be 1.18 x 108
particles/mL.

Au NSs coated with a submonolayer of Pd metal (Pd/Au NSs) were synthesized analogously
to the previously reported synthesis of Pd/Au NPs. 2 H,PdCly (7.2 4 of 2.4 mM solution)
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was added to 18 mL of the as-synthesized Au NSs and stirred. The Pd salt was reduced by
bubbling the solution with UHP H, gas for 5 min.

Scanning electron microscope (SEM) images and electron dispersive X-ray (EDX) spectra
of the Pd/Au NSs were obtained using a FEI Quanta 400. For particle size analysis, 30 yL of
either Au NSs or Pd/Au NSs was drop-dried onto an SEM stub. For EDX analysis, Pd/Au
NSs were repeatedly drop-dried onto a stub until a visibly thick layer was formed. The
spectrum was obtained using an EDX detector attached to the SEM.

To characterize any changes in plasmonic behavior upon the addition of Pd, UV-vis
absorbance spectra of the NSs were collected on a Shimadzu UV-2401 PC
spectrophotometer using a polystyrene cuvette with a 1 cm path length.

2.2. Preparation of Samples for SERS Analysis

To immobilize the NSs, 5 mm x 5 mm x 0.5 mm polished Si wafers were cleaned in 3:7
solution of 30 wt % H,0, and 30 wt % H,SO4 for 1 h. The wafers were then rinsed in
deionized water and dried, before being added to a solution of 0.1 wt % poly(vinylpyridine)
(MW ~40 000) in ethanol. After aging overnight, the wafers were rinsed in ethanol and
dried. 50 w4l of a concentrated solution of the NSs (volume reduced from 18 mL to 128 /1L
by centrifugation and removal of supernatant) was then pipetted onto a wafer and allowed to
assemble overnight, schematically shown in Figure 1b. After being rinsed with deionized
water to remove unattached NSs, the wafer was adhered to the center of an 18 mm round
microscope coverslip using slide adhesive. Samples used in the reaction and chemisorption
experiments were then plasma-cleaned under vacuum (Harrick Plasma Cleaner/Sterilizer,
PDC-32G) to remove surface impurities for 2 min just prior to Raman analysis.

2.3. Characterization of SERS Effectiveness

To determine the SERS effectiveness of Pd/Au NSs relative to the Au NSs, 10 i of 440 uM
para-mercaptoaniline (pMA) in ethanol was added to samples prepared as in the previous
section. pMA is a highly Raman active species and has been used in a number of
experiments to determine SERS efficiency.31 The samples were aged overnight to ensure the
formation of a complete monolayer on the nanoshell surfaces in parafilm-sealed Petri dishes
and then rinsed with ethanol prior to analysis.

SERS spectra were obtained using a Renishaw inVia micro-Raman spectrometer with a 785
nm excitation laser and a 40x working distance objective. Spectra were obtained using 0.05
mW power and 10 s integration times. For each sample, eight spectra were acquired at
different spots and averaged. The standard deviation between spectra for each sample was
less than 5%.

2.4. SERS Monitoring of Adsorption and Reaction of 1,1-DCE

To perform the adsorption (or chemisorption) and reaction experiments, the plasma-cleaned
sample was mounted in a sealed analysis chamber with inlet and outlet ports (Warner
Instruments RC-43, 213 x4l volume without Pd/Au NS sample) and mounted inside the
Raman spectrometer (Figure S2). Prior to the acquisition of spectra from the substrate, the
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reduction of Pd was ensured by flowing 10 mL of H, saturated deionized H,O and allowing
it to sit for 10 min.

We chose to study 1,1-DCE (1,1-dichloroethene), a less chlorinated form of TCE that lends
itself to simpler spectral interpretations and that is hypothesized to be a reaction intermediate
for TCE HDC. Solvents used to perform the chemisorption and reaction experiments were
prepared by adding 180 mL of deionized water each to Boston Round screw top bottles
(Alltech, 250 mL). The threads were wrapped with Teflon tape and sealed with a Teflon-
rubber septum. Two bottles (one used for catalyst rereduction and the other for rinsing) were
bubbled with UHP H, and Ny, respectively, for 1 h. Additional bottles were bubbled for 1 h
with N, or with H,:N, gas mixtures (volume ratios of 20:80 and 100:0) for use in the
chemisorption and/or reaction experiments. The H, concentrations present in the aqueous
phase were estimated to be 16.3 and 81.9 mM, respectively, using a Henry’s law constant of
1228 atm/M. After the bubbling step, 1 or 5 z1_ of 1,1-DCE was added, such that the H,:1,1-
DCE molar ratio was the same; the amount of 1,1-DCE dissolved in the liquid phase was
estimated to be 50.9 or 254.5 1M, respectively, using a Henry’s law constant of 26.1 atm/M
and a density of 1.21 g/L. The liquid-phase H, amount was set approximately 6% in excess
to what is needed for complete conversion of 1,1-DCE to ethane (CH,=CCl, + 3Hy, —
CH3CHs3 + 2HCI). The bottles were placed on a rocking platform to allow dissolution and
equilibration of 1,1-DCE between the gas and liquid phases.

Spectra ranging from 100 to 1700 cm~1 Raman shifts were obtained using 0.76 mW of laser
power and 10 s integration times, a total acquisition time of 1 min per spectrum. Ten spectra
were obtained at a single spot prior to the changing of solvents to establish a baseline and
ensure the cleanliness of the substrate.

For the chemisorption experiments, the analysis chamber was first flushed with N,-saturated
H,0 to remove excess H, from the cell, and to remove possible chemisorbed H,. The
chamber was then flushed with 3 mL of the N,-saturated 1,1-DCE solution (50.9 or 254.5
4M), and spectra were collected over time. Similar experiments were performed using Au
NSs (without Pd metal).

Experiments involving a chemisorption-reaction sequence were performed similarly. After
the sample was flushed with N,-saturated H,O, 3 mL of the 254.5 /M sample was added.
Spectra were obtained repeatedly for 30 min, after which 1 mL of either 0:100, 25:75, or
30:70 Ha:Ny was quickly flushed through the cell, and spectra were taken continuously until
no other changes occurred.

For the reaction experiments, 3 mL of low-concentration (1,1-DCE, 50.9 zM; Hy, 16.3 mM)
or high-concentration (1,1-DCE, 254.5 ¢M; H,, 81.9 mM) solutions was added, and spectra
were collected over time until no noticeable changes in the spectra were observed.

Baseline corrections in the spectra were performed by normalizing to the silicon 520 cm™1
mode, to account for any minor drifts in focus over the experimental time frame. The
baseline was corrected by subtracting an average of the initial 10 spectra taken to determine
surface cleanliness.

JAm Chem Soc. Author manuscript; available in PMC 2016 June 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Heck et al.

Page 6

2.5. Analysis of Bulk Reaction Products

To analyze the products using the SERS analysis chamber, the same protocol was used as in
the SERS reaction experiments, except that aliquots of fluid were removed (~200 L) at 0,
12, 30, 41, or 100 min with a 1 mL needled syringe and injected into a 2 mL septum-capped
vial. After the gas and liquid phases of the sample were allowed to equilibrate for 30 min,
250 4L of headspace gas was withdrawn with a gastight syringe and injected into an Agilent
Technologies 6890 GC equipped with a flame ionization detector (FID) and a packed
column (6 in. x 1/8 in. outer diameter) containing 60/80 Carbopack B/1% SP-1000
(Supelco). Calibration curves were prepared for chlorinated ethenes, chlorinated ethanes,
ethane, and butane. The zero time point samples were verified to match the initial 1,1-DCE
concentrations of 50.9 and 254.5 ¢M for the low-and high-concentration experiments,
respectively.

Upon analysis of the products, it became apparent that, at later time points, the carbon
balance did not always close, possibly due to evaporation from the gastight syringe before
injection into the GC. To correct for this, we assumed evaporation of all components was
equal and rescaled the measured concentrations with the same correction factor, such that
the total carbon balance was met for all time points.

The superficial first-order rate constant was determined by linear fitting of In(C/ &) versus
time profiles, where Cis 1,1-DCE concentration and G is the initial 1,1-DCE concentration.
Selectivities were calculated by dividing the concentration of each product by the amount of
1,1-DCE reacted.

3. Results and Discussion

3.1. Characterization of SERS Efficiency

The average Pd/Au NS diameter was found to be 164 nm, according to SEM analysis
(Figure 1c), indicating no detectible size increase after the addition of Pd metal. Electron
dispersive X-ray (EDX) spectroscopy confirmed the presence of Pd (Figure S1). We
estimated that the Au NS surfaces had a ~10% coverage of Pd atoms (meaning ~10% of
complete Pd monolayer coverage). The final composition of the Pd-decorated Au NSs was
estimated at 6.7 wt % SiO,, 90.6 wt % Au, and 2.7 wt % Pd.

The plasmon resonance spectrum of the Au NSs decreased in intensity and red-shifted
slightly with the addition of the Pd metal, similar to what had been observed with Pd-coated
Au NPs.27'32 The relatively large imaginary part of the Pd dielectric constant in the visible
light regime damps the plasmon resonance, as seen in the Mie theoretical modeling of Au
nanoshells with 100% Pd coverage (Figure 2b).

The intensity of the SERS spectrum obtained from pMA-functionalized Au and Pd/Au NSs
decreased with the presence of Pd on the NS surface due to damping of the Au NS plasmon
resonance (Figure 2¢). An interesting feature of this SERS spectrum is the shift in the
intense, low-frequency peak near 390 cm™1 (Figure 2c, inset). This vibrational mode was
assigned to coupling between the metal-sulfur bond stretch and a pMA ring deformation.33
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This peak shifted to 406 cm™1 with the addition of Pd, indicating an increase in the surface—
pMA bond strength and the possible binding of pMA to Pd surface atoms.

3.2. Adsorption of 1,1-DCE

Figure 2d shows the SERS spectra for 1,1-DCE over Au and Pd/Au NSs. In contrast to the
PMA case, it is readily apparent that Pd increased the 1,1-DCE band intensities despite the
damping effect of Pd on Au NS extinction.

Figure 3a—c shows the results of contacting the Pd/Au NSs with an aqueous solution of 1,1-
DCE at 50.9 £M. After an induction period, there appeared to be two different time-
dependent adsorption states: the initial state (0-20 min; Figure 3b), with Raman spectra
featuring bands at 214, 954, ~1060, ~1160, ~1250, 1430, and 1550 cm™1, and the final state
(37-52 min; Figure 3c), with bands found at ~225, ~390, ~1165, ~1455, and ~1500 cm™1.
The peaks can be assigned to wavenumber regions that represent particular Raman-active
vibrational modes of surface-bound 1,1-DCE, based on reported assignments for
chemisorbed ethylene,34 TCE,35 free l,l-DCE,36 and corroborated with ab initio density
functional theory calculations (Supporting Information). Peaks in the 1500-1600, 1220—
1290, and 1000-1100 cm™2 range were assigned to CC stretching, CH, scissoring, and CH,
wagging modes of 7~bound 1,1-DCE, respectively. The sharp peaks at 954, ~1160, and 1430
cm~1 were further assigned to the CC stretching, CH, wagging, and CH scissoring modes
of di-o-bound 1,1-DCE. The other closely located peaks suggest different metal adsorption
sites, sites of different binding strengths, or binding states intermediate to those of the 7~ and
di-o-bound 1,1-DCE species. The low-frequency features below 400 cm~1 may be due to C—
M (M = metal) or C—CI bonds. These results provide direct evidence of 1,1-DCE undergoing
chemisorption from water.

1,1-DCE adsorption is dynamic, as the initial state changes substantially into a new stable
state (Figure 3a). Signals for 7~bound 1,1-DCE were lost, with residual di-o-bound 1,1-DCE
showing the weak peaks at ~1165 and ~1455 cm™1. A sharp and intense peak at ~1500 cm™1
may be due to the CC stretch of vinylidene (=C=CH,) species; this value is slightly blue-
shifted from the theoretical value of 1490 cm~ for vinylidene on Pd(lll)37 and red-shifted
from that for vinylidene on Si surfaces,38 and in the range predicted by our ab initio
calculations. The bands at 230 and ~390 cm™1 can be attributed to CI-M and C—M bond
stretchings, respectively, consistent with the removal of chlorine from 1,1-DCE to form
vinylidene. This process is summarized in Scheme 1.

Figure 3d—f shows the results of contacting the Pd/Au NSs with an aqueous solution of 1,1-
DCE at a higher concentration of 254.5 M. Unlike the 50.9 4M case, Raman peaks
appeared almost immediately after injection of the DCE solution. The peaks at ~220 and
~400 cm™1 (CI-M and C-M bond stretchings) indicated DCE dechlorination. Bands
centered at ~1500 and ~1200 cm~1 were quite broad, spanning at least 100 cm™1, suggesting
vinylidene and other adsorbed species. The band positions did not change much with time,
but their intensities increased continuously until ~20 min, after which the spectra stabilized.
It is likely that the broad band at ~1500 cm™~1 represents unsaturated oligomeric species on
the metal surface, as they have previously been assigned to conjugated olefins.ggv40 This is

not unexpected, as previous kinetic studies with TCE using Pd—based‘u'42 and Pd/Au-
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based28 catalysts have reported trace amounts of carbon-coupling products at low Ho/TCE
concentration ratios. These olefinic species were observed due to the higher DCE surface
concentration, leading to increased interactions between chemisorbed DCE species (i.e.,
surface crowding effect). These species could be removed from the NS surface by contacting
with Hp-containing water (Figure S3) but not with N»-containing water (Figure S4).

Control experiments using Au-only NSs and 50.9 1M (Figure 2d) and 254.5 /M DCE
(Figure S5) solutions showed no Raman peaks at all. These results indicated that solvated
1,1-DCE could not be detected at these concentrations and was observable only in the
presence of Pd metal, suggesting Pd ensembles or Pd—Au mixed sites as active sites for
chemisorption. While the surface structure of Pd on the Au NSs is not known precisely, the
metal most likely is present as two-dimensional atomic ensembles or islands;.zgr43

3.3. Reaction of 1,1-DCE

For the experiment using the 50.9 xM DCE and 16.3 mM Hj solution, the resulting spectra
differ dramatically from the non-H, case, with Raman peaks (additional to those associated
with 7~bound and di-o-bound DCE) appearing and changing rapidly with time (Figure 4a—
e). We hypothesized that H, dissociatively adsorbed to form atomic H species, which would
accelerate the dechlorination of adsorbed DCE. The vinylidene species may have been
present (~1480 cm~1) with dechlorination occurring as early as 5 min after H, introduction,
inferred from the appearance of broad bands below 400 cm™1 (CI-M and C—M bonds). In
contrast, dechlorination was not observed until 20 min when there was no H, (Figure 3b).
Vinyl surface species (-HC=CH,) may have been present also, with small features at ~1230,
~1360, and ~1580 cm™! that represent CC-CH bending, CH, scissoring, and CC stretching,
respectively,44 which would have formed from vinylidene hydrogenation (Figure 4b).
Ethylidyne (=C-CHg, with a CC stretch at 1118 cm~1 and CH3 umbrella mode at 1326
cm~145) s a different vinylidene hydrogenation product but was not detected.** Further
hydrogenation led to 7~ and di-o-bound ethene, which could have contributed to the peaks
close to those of 7~ and di-o-bound DCE. Intriguingly, the distinct peak at 1193 cm~1 may
be assigned to an ethyl surface species (-CH,CHs, CH, wagging mode), resulting from
hydrogenation of adsorbed ethene.*® Peaks were detected in the 600-900 cm™? range (C—ClI
stretches from the population of chlorinated surface species), but were not detected in the
absence of Hy (Figure 3b), suggestive of partially dechlorinated 1,1-DCE surface species.

While more specific peak assignments could not be obtained, general trends in the SERS
spectra were observed with increasing time (Figure 4a). The ~250 cm~ peak (M—CI)
increased and then slightly decreased after 30 min, suggesting that surface Cl eventually
hydrogenated to form HCI, which then desorbed into the water phase. The peaks in the 600-
900 cm™1 range (C-CI) disappeared by 41 min, indicating complete dechlorination of
surface species. The 1100-1600 cm™~1 range became more intense, with broad peaks
centered ~1200 and ~1500 cm™1 similar to those observed in the absence of H, at a higher
1,1-DCE concentration (Figure 3f). The peak at ~1530 cm~2 could be the CC stretch of a
well-defined longer-chain olefinic surface species. Changes in the SERS spectra seemingly
terminated at 41 min, likely due to blockage of catalytic sites by olefinic species and
adsorbed Cl. This observation did not signify that the catalytic reaction terminated at 41 min,
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as reaction products still formed at 100 min (as shown in the next section). Rather, it
indicated that the signals for the oligomeric species dominated those of surface
intermediates directly involved in catalytic reaction pathway.

Similar trends were observed in the SERS spectra when DCE and H, concentrations were
increased by 5-fold (Figure 4f—j). The resulting higher concentrations of surface species led
to increased reaction rates, as shown by the more intense ~240 and 400 cm™! peaks (CI-M
and C-M stretches). New peaks at ~1115 and ~1330 cm™1 were found at early reaction
times,45 indicative of ethylidyne species that were absent at lower reactant concentrations.

3.4. Analysis of 1,1-DCE HDC Bulk Reaction Products

To confirm that the HDC reaction was occurring during SERS analysis, we removed and
analyzed the aqueous-phase content of the SERS chamber at 0, 12, 30, 41, and 100 min. For
both low- and high-concentration conditions, 1,1-DCE concentrations decreased with 100%
selectivity toward ethane production; 1,1-DCE conversion reached 9% by 30 min (Figure 5).
Beyond 30 min for the low-concentration experiment, 1,1-DCE reacted more slowly (vide
infra) and ethane selectivity dropped to 95% as ethene began to form, attributed to reduced
H, reactant concentration. The product concentrations did not change much from 41 to 100
min. Combined with the SERS observations in the same time range (Figures 4a), vinylidene
and longer-chain olefinic as well as chloride surface species may be blocking enough active
sites to slow 1,1-DCE consumption. Deactivation due to surface site blockage likely is
responsible for observed slower reaction kinetics beyond 30 min (above 9% conversion of
1,1-DCE).

Beyond 30 min for the high-concentration experiment, 1,1-DCE also reacted more slowly
and ethane selectivity dropped to 95% as ethene and C4 molecules (butanes and butanes,
which we did not further differentiate due to experimental limitations) began to form. Vinyl
chloride (from incomplete dechlorination of 1,1-DCE) and 1,1-dichloroethane (from
hydrogenation of 1,1-DCE) are theoretical byproduct; they were not detected though,
consistent with that observed with Pd/Au NPs.>"~* Carbon-coupling reactions led to the
olefinic surface species observed via SERS at low and high reactant concentrations (Figure
4), and to Cy4 reaction products only in the latter case (Figure 5¢,d). The C4’s appeared in
parallel with ethene, indicating that both originated from the same surface species.

We considered the decrease in 1,1-DCE concentration to follow an exponential trend
through 30 min. The implication that the HDC reaction was first-order in 1,1-DCE and zero-
order in Hy was reasonable, given the low extent of reaction (<9% conversion). For both low
and high reactant concentration conditions, an approximate rate constant of 0.003 min~! was
calculated, giving a lower-bound estimate of initial reaction rate constant of 0.872 L/gpg/min
(assuming no NSs were lost during preparation and experimentation). The initial turnover
frequencies (=1,1-DCE molecules initially reacted per Pd atom per min) for the low and
high reactant concentrations were 0.0047 and 0.023 min~2, respectively.

The turnover numbers (TON = total number of 1,1-DCE molecules reacted per Pd atom) at
the low and high reactant concentration cases at 100 min were calculated to be 0.17 (=1.17
nmol of DCE reacted + 6.89 nmol of Pd) and 1.21 (=8.3 nmol of DCE reacted + 6.89 nmol
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of Pd), respectively. That TON exceeded 1 proved that the nanoshells are catalytically active
for HDC. We note that TON can be calculated to be <1 for catalyzed reactions when rates
are slow or at short reaction times. These cases occurred in our study involving low and high
reactant concentrations, respectively.

To note, Pd/Au NPs (25% Pd coverage) have a rate constant of 1519 L/gpg/min for 1,1-DCE
HDC,29 allowing us to estimate that Pd/Au NPs (10% Pd coverage) have a rate constant of
~600 L/gpg/min, much higher than the 0.872 L/gpg/min for Pd/Au NSs (10% Pd coverage).
However, this is an incompatible comparison because the reaction conditions were very
different. The Pd/Au NSs were immobilized on a surface during catalysis, and the Hy
reactant amount was 6% in excess of the stoichiometric amount needed for complete
reaction of 1,1-DCE. In contrast, Pd/Au NPs were stably dispersed in water during batch
reactor Kinetic studies,27v28 and 1,1-DCE and Hy concentrations were 77% and 2416%
respectively higher; the H, amount was ~1400% in excess of the stoichiometric amount
needed.

Summarizing the spectroscopic and bulk reaction data together, we propose a simple model
of the 1,1-DCE HDC reaction on Pd/Au NSs as a series of surface reactions (Scheme 2).
1,1-DCE chemisorbs in two different binding states, eventually dechlorinating to form
vinylidene species. Vinylidene then hydrogenates to form ethylidyne (at high precursor
concentration) and vinyl intermediates. Surface oligomers form detectibly as spectator
species from the carbon coupling of, perhaps, vinylidene groups. Ethylidyne can
hydrogenate to form ethane but at a rate much slower than is observed spectroscopically, and
so it may be a spectator species here a|SO.46'47 In contrast, the vinyl group hydrogenates to
form surface-bound ethene. Its hydrogenation then occurs to form the ethane product
(detectible through gas chromatography but not through SERS) via the classical Polanyi—
Horiuti pathway, that is, surface ethene — surface ethyl — surface ethane — desorbed
ethane.”®* The consumption of 1,1-DCE leads to the quantitative formation of ethane, until
surface site blockage by oligomeric or chloride species slows hydrogenation kinetics
sufficiently for surface-bound ethene to desorb into the water phase as a product. High 1,1-
DCE reactant concentrations lead to high surface species concentrations, with surface site
blockage leading to side-product formation of C,4’s in addition to ethene.

4. Conclusions

This study shows the successful synthesis and application of Pd-supported Au NSs for the
detection of water-phase adsorbates. The Pd metal provided direct binding sites on the Au
surface (either as Pd ensembles or as Pd—Au mixed sites), effectively lowering the
concentration detection limit for SERS. Significantly, chemical reactions of adsorbate
species can be observed as they proceed on the catalyst surface with time, providing a
newfound ability to detect and identify reaction intermediates in water under ambient
conditions in situ. With further development in improved time and Raman peak resolutions
under steady-state flow conditions, NS-enabled SERS may lead to new mechanistic insights
into other liquid-phase chemical reactions, like gold-catalyzed glycerol oxidation and
platinum-catalyzed electroreduction of oxygen, for which spectroscopic analysis is lacking.
Presented here is the first spectroscopic evidence of water-phase hydrodechlorination as a
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sequence of dechlorination and hydrogenation steps, leading to the implication that 1,1-
DCE, TCE, PCE, and other related contaminants degrade in a similar fashion using Pd-
supported Au NP catalysts.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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wafer PVP layer Pd/Au NSs
Figure 1.

(a) Synthesis schematic for catalytic Pd/Au NSs; (b) preparation schematic for NS SERS
substrate; and (c) SEM of Pd/Au NSs (scale bar: 500 nm).
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(a) UV-vis spectra of Au NS and Pd/Au NS (10% Pd coverage); (b) calculated spectra of Au
and Pd/Au NS; (c) spectra of pMA chemisorbed on Au NS and Pd/Au NS (10% Pd
coverage) (inset: metal-S stretching region); (d) 1,1-DCE in H,O (50.9 ¢M) on Au NS and
Pd/Au NS (10% Pd coverage) (spectra offset for clarity). The Raman peak at ~500 cm~1
comes from the Si wafer, and small peaks in the 900-1000 and 1400-1600 cm™1 regions are

from organic residuals prior to contact with 1,1-DCE.
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Figure 3.
(a) Waterfall plot of time-resolved spectra gathered from the chemisorption of 50.9 /M 1,1-

DCE on Pd/Au NSs and (b,c) individual scans at 20 and 49 min after injection of 1,1-DCE
solution. (d) Waterfall plot of time-resolved spectra gathered from the chemisorption of 254
4M 1,1-DCE and (e,f) individual scans at 10 and 28 min after injection of 1,1-DCE solution.
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Figure 4.

(a) Waterfall plot of time-resolved spectra gathered from the reaction of 50.9 ¢M 1,1-DCE
and 16.3 mM H; on Pd/Au NSs, and individual scans at 12, 30, 41, and 100 min (b, c, d, and
e, respectively) after injection of 1,1-DCE/H> solution. (f) Waterfall plot of time-resolved
spectra gathered from the reaction of 254 1M 1,1-DCE and 81.9 mM H, on Pd/Au NSs, and
individual scans at 12, 30, 41, and 100 min (g, h, i, and j, respectively) after injection of 1,1-

DCE/H5 solution.
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(a) Concentration-time profiles and (b) product selectivities from the HDC reaction of 50.9
4M 1,1-DCE and 16.3 mM Hy, and (c) concentration—time profiles and (d) product

selectivities from the HDC reaction of 254 ¢M 1,1-DCE and 81.9 mM H, using Pd/Au NS
SERS substrate. The dashed traces show the expected 1,1-DCE concentrations using 0.003
min~1 as the first-order reaction rate constant.
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Scheme 1.
Proposed Surface Intermediates of 1,1-DCE after Adsorption on Pd/Au NS SERS Substrate

Based on Spectroscopic Results?
4 The arrows are drawn to indicate the probable sequence of identifiable species.
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Scheme 2.

Proposed Surface Intermediates of 1,1-DCE and Hy under Reactive Conditions on Pd/Au NS
SERS Substrate Based on Spectroscopic Results?

4 The aqueous-phase 1,1-DCE, ethane, C4’s, and ethane species were identified and
quantified via gas chromatography. The arrows are drawn to indicate the probable sequence
of identifiable species. The H surface atoms come from the dissociative adsorption of
dissolved Ho.
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