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ABSTRACT: Electrochemical conversion of CO, has been
proposed both as a way to reduce CO, emissions and as a
source of renewable fuels and chemicals, but conversion rates
need improvement before the process will be practical. In this
article, we show that the rate of CO, conversion per unit
surface area is about 10 times higher on S nm silver
nanoparticles than on bulk silver even though measurements
on single crystal catalysts show much smaller variations in rate.
The enhancement disappears on 1 nm particles. We attribute
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this effect to a volcano effect associated with changes of the binding energy of key intermediates as the particle size decreases.
These results demonstrate that nanoparticle catalysts have unique properties for CO, conversion.

B INTRODUCTION

The discovery and development of efficient catalysts for CO,
electroreduction is one of the grand challenges identified in the
Department of Energy (DOE) report, Catalysis for Energy.' If
electrochemical reduction of CO, is to become feasible,
catalysts are needed that exhibit both high energetic efficiency
and high conversion rates.” Recently, we discovered that the
combination of two catalysts, a silver metal and ionic liquid 1-
ethyl-3-methylimidazolium tetrafluoroborate (EMIM-BF,)
would lower the overpotential for CO, reduction by almost a
volt.>* Unfortunately, rates were lower than needed. The
objective of this article is to determine whether the rate would
be enhanced by lowering the particle size of the silver catalysts.
A previous paper” reported a higher rate for CO, conversion on
Ag(110) than on Ag(111) or Ag(100), but the effect was not
large enough to have a significant effect on practical supported
catalysts. Small variations are also seen on platinum single
crystals,6’7 but again, the effects are too small to have a
significant effect on practical catalysts. Still, previous workers
had shown that gold nanoparticles have unique properties for a
number of reactions. Therefore, we decided to determine
whether silver nanoparticles have unique properties for CO,
conversion in ionic liquids.

B EXPERIMENTAL SECTION

The S nm catalyst was a custom-made sample from a local
supplier. The 1 nm sample was prepared from Mesosilver
manufactured by Colloids For Life. The 200, 70, and 40 nm
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samples were purchased from Sigma Aldrich. (Sigma-Aldrich
labels its samples <500, <100, and 40 nm.) The nomenclature
of 200, 70, 40, 5, and 1 nm represents the actual average
particle size of the samples as measured by dynamic light
scattering and confirmed by transmission electron microscopy
(TEM).

In the electrochemical experiments, each catalyst sample was
deposited onto a clean silver substrate, baked to remove organic
impurities, and then soaked in acid or ionic liquid solution to
remove metallic impurities. X-ray photoelectron spectroscopy
(XPS) of similar samples on a silicon substrate showed the
samples to be clean, except for small amounts of carbon and
oxygen from the vacuum system. The samples were loaded into
a standard 3 electrode cell for the measurements. In each plot,
the current was normalized by the electrochemical surface area
of each electrode, measured by underpotential deposition lead
stripping. Details of all procedures are given in the Supporting
Information.

The ultraviolet photoelectron spectroscopy (UPS) data was
taken after depositing the catalyst materials onto silicon
substrates heating and soaking in acid, using a Physical
Electronics PHI 5400 photoelectron spectrometer that uses
Hel (21.2 eV) ultraviolet radiation and a pass energy of 8.95
eV. To separate the signal arising from secondary electron
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Figure 1. (A—D) SEM images of 1, S, 70, and 200 nm silver nanoparticles, respectively. (E—H) TEM images of S, 40, 70, and 200 nm silver
nanoparticles, respectively. (I-L) DLS results for 1, 40, 70, and 200 nm particles, respectively.
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Figure 2. (A) Cyclic voltammetry with argon in EMIM-BF, on bulk and 200 and S nm silver nanoparticle catalysts (see Figure S3, Supporting
Information, for the expanded results). (B—G) cyclic voltammetry with CO, in EMIM-BF, on bulk and 200, 70, 40, S, and 1 nm silver nanoparticle
catalysts, respectively. (H) Current density for CO and H, formation as a function of particle size (the numbers of current density for CO and H,
formation are obtained from the differences in the current density with CO, (from B—G) and Argon (from A) at —0.75 V vs SHE and —1.14 V vs
SHE, respectively. The maximum current density for the CO peak occurs at 5 nm.
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emission from the detector from the secondary electron
emission from the sample, a —9 V bias was applied to the
sample using a battery. The reported binding energies are the
measured binding energy plus the 9 V.

In the flow apparatus described previously,” catalysts were
painted onto carbon paper and mounted in a 2 compartment
cell. Dried ionic liquid flowed through the cathode compart-
ment, while 0.5 M sulfuric acid flowed into the anode. Voltage
was applied to the cell, and the CO and hydrogen production
were measured with a gas chromatograph.

B RESULTS AND DISCUSSION

In this study, we used different silver nanoparticle sizes ranging
from 1 to 200 nm. Figure 1A—H shows the scanning electron
microscopy (SEM) and TEM images of the nanoparticles.
Figure 1I-L shows the results of dynamic light scattering
(DLS) analysis which are in a good agreement with TEM
results. To investigate the electronic properties of silver
nanoparticles, XPS was carried out. Prior to measurements,
the samples were immersed in 0.1 M sulfuric acid overnight and
rinsed with DI water to remove impurities. XPS spectra were
collected using a Kratos Axis ULTRA X-ray photoelectron
spectrometer with monochromatic Al Ka excitation, 120 W
(120 kV and 10 mA). Survey spectra were collected at a pass
energy of 160 eV, and high-resolution spectra were collected
using a pass energy of 40 eV. XPS results show that samples are
clean, except for small amounts of carbon and oxygen from the
vacuum system.

Figure 2 shows the result of a cyclic voltammetry (CV)
experiment where nanoparticle silver was coated onto a silver
rotating disk electrode, the electrode was loaded into an
EMIM-BE, solution containing about 75 ppm of water, the
sample was rotated at 1000 rpm, and the potential was cycled
from —1.14 to 0.77 V with respect to SHE (see Supporting
Information for experimental details). Figure 2a shows how the
CV of water varies with particle size under the conditions of the
experiment. The plot shows how the current per unit surface
area (i.e., the measured current divided by the measured surface
area) varies with the particle size. Notice that all of the curves
lie on top of each other, demonstrating that the rate per unit
surface area of water electrolysis to produce hydrogen is
independent of particle size, as would be expected from
previous literature.® The rate in an electrochemical reaction is
proportional to the current in the reaction. For example, two
electrons are needed for the reaction:

CO,(g) + 2H™(1) + 2¢” — CO(g) + H,0(1) (1)
Thus, the rate of reaction in moles per second is 1/2 the
current divided by a constant F, called Faraday’s constant.

Figure 2 also shows similar experiments except that we
bubbled CO, through the solution. In this case, we observe a
peak centered at about —0.75 V vs SHE that is not seen in the
absence of CO,. This peak is associated with CO, conversion.
Notice that the peak grows as the particle size decreases from
200 to S nm, and then shrinks again as the particle size
decreases to 1 nm. In other words, the results in Figure 2B—G
shows that the rate of CO, electrolysis depends strongly on the
particle size.

Figure 2h illustrates the effect more clearly. Specifically, the
peak current densities for CO formation (ie., current densities
at —0.75 V vs SHE) in Figure 2B—G were plotted with respect
to particle size to quantitatively show how the rate of CO,
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reduction changes as a function of particle size. Notice that the
rate of CO, electrolysis is about a factor of 10 higher on S nm
silver particles than on bulk silver surfaces or on catalysts
composed of 1 nm particles. Clearly, this is a significant effect.

Figure 3A,B shows steady-state data taken using the flow
apparatus described previously.”® Briefly, the dual-electrolyte
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Figure 3. (A) Current density of CO as a function of silver particle
size at different cell voltage (—2.75, 3.00, and 3.25 V) measured in a
flow cell. (B) Data for —2.75 V on an expanded scale. These data were
taken with EMIM solutions containing about 75 yM water. Previous
work® used 88% water on the cathode, resulting in much higher
currents.

electrochemical reactor (Figure 3C) used in this study consists
of two 1.5 mm thick poly(methyl methacrylate) (PMMA)
sheets with 0.5 cm wide by 2.0 cm long channels to provide the
electrolyte flow channels for the catholyte (liquid stream in
contact with the cathode; pure EMIM BF,) and analyte (liquid
stream in contact with the anode; 0.5 M sulfuric acid). Between
the two electrolyte channels was a 0.8 cm wide and 2.5 cm long
piece of Nafion 212 membrane (DuPont) used to separate the
catholyte and anolyte while maintaining ionic conductivity. The
cathode and anode that were made of gas diffusion electrodes
(GDEs) were put on each PMMA sheet. Each electrode was
backed by aluminum current collectors. The aluminum current
collector that backed the cathode also served as a gas flow
chamber to supply CO,, while the anode was open to the
atmosphere for oxygen to escape. At cell voltages of 3 V or less,
the CO current increases by a factor of 3 in changing from 200
to 40 nm particles. This is very similar to the change seen in
Figure 2h. The particle size dependence disappears at higher
applied voltages, however.

It is interesting to compare the results in Figures 2 and 3 to
previous results for CO, conversion on single crystal catalysts.
Hoshi et al.® previously examined CO, conversion on Ag(111),
Ag(100), and Ag(110) and found that the rate of CO,
reduction was about a factor of 2 higher on Ag(110) than on
Ag(111) or Ag(100). If one assumes that the flat surface was
mainly (111) or (100) orientated, while (110) facets and
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related steps cover that 20% of the surface of the 5 nm particle,
then on the basis of the single crystal results, one would only
expect the rate to go up by about 20%, ie., 20%*(2—1). By
comparison, Figure 2 shows an order of magnitude change in
rate. Further, the 1 nm particles are the most irregular, yet they
show a decreased activity compared to the single crystal
results.’ Thus, the nanoparticle catalysts used here clearly
exhibit much different variations in rate as a function of
structure than what would be expected from the single crystal
results reported previously.

The explanation for these different effects is not obvious.
Variations in rate with particle size can be caused by (i)
variation in the number of step sites, kink sites, and other
special geometries with particle size, (ii) variation in the
electronic structure or work function of the particles with
particle size, or (iii) variation in the binding energy of key
intermediates with particle size.'® Experimentally, we observe
much larger variations in rate with particle size than was
expected from work on single crystals;>” so, variations in the
concentration of steps, kinks, and other structures do not seem
to explain our data.

We have considered changes in rate due to variations in the
bulk electronic properties of the particles such as the work
function or d-band position, but our UPS data (see Supporting
Information for details of experiments) shown in Figure 4
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Figure 4. UPS spectra of 1, 5, and 70 nm of clean silver nanoparticles
as well as of bulk silver. To allow for easy comparison of curve shape,
the data has been rescaled on the Y-axis so that the maximum
intensities of all the UPS peaks are the same.

indicate that the variations in the work function and the
position of the center of the d-bands is insufficient to explain
the observed variations in rate. Notice that the general shape of
the UPS spectrum of the particles does not vary significantly
with particle size at particle sizes down to 5 nm. Importantly,
the center of the d-band is not shifting significantly with particle
size. We do observe variations in the work function of the
particles with particle size as indicated in Table 1. Still, the work
function is almost the same in bulk samples and in 40 nm

Table 1. Measured Work Functions of the Particles

particle measured work work function variation expected from
size function (eV) Wood’s model'® ?;V)

bulk 4.38 + 0.022 4.37

70 nm 4.38 + 0.023 4.38

40 nm 4.35 + 0.026 4.38

S nm 4.78 + 0.019 4.48

1 nm 4.76 + 0.050 491
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particles, even though the rate varies significantly. Similarly, the
measured work function is almost the same on S and 1 nm
particles, even though the rate changes significantly. In each of
these two cases, the variations in work function with particle
size are smaller than the variations in work function with the
crystal face reported previously.""'> Thus, the variations in the
work function and the electronic structure of our particles does
not explain why we observe variations in rate with particle size
that are larger than those seen on single crystal catalysts.

That leaves variations in the binding energy of intermediates
as the explanation for the observed variation in rate. To see if
the binding energy of intermediates would vary with particle
size, we performed cyclic voltammetry (CV) to determine the
binding energy of hydroxyls and sulfates (or bisulfates) as a
function of particle size. Specifically, the overpotential of
hydroxyl/sulfate adsorption is considered a measure of binding
strength of intermediates on silver nanoparticles; smaller
overpotential indicates larger binding energy (stronger binding)
of intermediates. Figure S shows voltammograms of the sulfate
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Figure S. Adsorption and desorption of (A) sulfate and (B) hydroxide
on 1, 5, and 70 nm silver nanoparticles. The overpotential for both
hydroxide and sulfate goes down as the particle size decreases.

and hydroxyl adsorption and desorption peaks on different
diameter silver particles in 0.1 M sulfuric acid or 0.1 M NaOH.
In this experiment, hydroxide adsorption scans were swept
between —0.1 and 0.6 V and sulfate scans between —0.1 and 0.9
V vs Ag/AgCl. All scans were taken at 10 mV/s. The current
was normalized by the electrochemical surface area of each
electrode, measured by underpotential deposition lead
stripping.

For the hydroxide peaks, we observe a shift in the
overpotential required to drive the adsorption and desorption.
At a current density of +2.5 mA/ cm?, the overpotential
required to drive the adsorption at this rate is lowest on the 1
nm silver particles and increases by about 100 mV with
increasing particle size. Desorption of the hydroxide anion at
the same rate (—2.5 mA/cm?) follows the same trend. The
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overpotential is lowest using the 1 nm silver particles and
increases with increasing particle size. This was also observed
for the adsorption and desorption of the sulfate anion. This
implies that the binding energy of sulfates and hydroxyls varies
significantly with particle size, with the smallest particles
showing higher binding than bulk samples. Importantly, this
effect is larger than that observed in single crystals.”*™'¢ In
summary, these data suggest that differences in the binding
energy of intermediates with particles of different size is large
enough to explain why we observe larger increases in rate than
has been observed in single crystals.

It is interesting to ask how the variations in binding energy
could cause changes in rate. Assume for the moment that the
conversion of CO, to CO under acidic conditions in the
presence of EMIM" (EMIM-BE, is acidic) followed the
mechanism proposed by Rosen et al.:**

EMIM+(1) + COz(g) +e - complex_(ad)(l)

2)
+ _
H™(1) + complex (ad)(l)
— CO(g) + OH ™,y + EMIM (1) 3)
OH_(ad) + H+(l) +e - HZO(I) (4)

If the binding energy of the intermediates increased with
shrinking particle size, the thermodynamic driving force for
reactions 2 and 3 should increase, while the thermodynamic
driving force for reaction 4 should decrease. Therefore, one
would expect the rate of reactions 2 and 3 to increase, and the
rate of reaction 4 to decrease. In our previous papers,™* we
suggested that, during CO, conversion on 100—200 nm silver
particles, reactions 2 and 3 are rate determining. In that case,
one could increase the rate by increasing the binding energy of
intermediates by, for example, making the particle sizes smaller.
However, if we increased the binding energy of the
intermediates enough, reaction 4 would become rate
determining. In that case, the rate of reaction would decrease
since the OH cannot be rapidly removed from the surface.
Consequently, one would expect classic volcano behavior as
seen in Figure 2h.

This model would also explain why the variations in rate with
particle size are larger than those seen with single crystals.
Previous data with single crystal catalysts show that sulfate'>'*
and hydroxyl binding">'® is only weakly affected by crystal face.
Sulfate binds more strongly on Ag(111) than on Ag(100) or
Ag( 110),">'* while the literature disagrees whether the (111)
or (100) face of silver binds oxygen most strongly. In all cases,
the effects are 50 mV or less. By comparison, we observe almost
100 mV variations in binding energy. Thus, we observe larger
variations in rate with nanoparticles than with single crystals
because the binding energy of intermediates varies more
strongly with geometry on nanoparticles than on single crystals.

Of course, we still have to explain why the variations in
binding energy occur. One needs calculations to do so, and we
have not done them yet. Still, recent calculations of Pozen et
al.'” show that the binding energy of ethylene varies more
strongly on silver nanoparticles than expected from data on
single crystal samples. Thus, there is precedent in the literature.

B CONCLUSIONS

In summary, we have studied the effect of Ag nanoparticle size
on its catalytic performance in the conversion of CO, into CO.
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We found that the catalytic activity increases with decreasing
particle size until a certain particle size, here, S nm, and that the
activity drops when going to even smaller nanoparticle size (1
nm). Through UPS measurements (work function) and further
electrochemical analysis (binding strengths), we were able to
conclude that some reaction intermediates bind too strongly to
the nanoparticles once they are too small, here, <5 nm. We
expect that other metal nanoparticles will exhibit similar size-
dependent effects, but further studies would be needed to
confirm.

B ASSOCIATED CONTENT
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Details of the structural characterizations, electronic character-
izations, and electrochemical experiments. This material is
available free of charge via the Internet at http://pubs.acs.org.
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