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Nanoparticle catalysts display optimal mass activity due to their high surface to volume ratio and
DOI: 10.7039/XXXXXXXXXX . . . .
tunable size and structure. However, control of nanoparticle size requires the presence of surface
ligands, which significantly influence catalytic performance. In this work, we investigate the effect of
dodecanethiol on the activity, selectivity, and stability of Au nanoparticles for electrochemical carbon
dioxide reduction (CO;R). Results show that dodecanethiol on Au nanoparticles significantly enhances

selectivity and stability with minimal loss in activity by acting as a CO,-permeable membrane, which
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blocks the deposition of metal ions that are otherwise responsible for rapid deactivation. Although
dodecanethiol occupies 90% or more of the electrochemical active surface area, it has a negligible
effect on the partial current density to CO, indicating that it specifically does not block the active
sites responsible for CO,R. Further, by preventing trace ion deposition, dodecanethiol stabilizes CO
production on Au nanoparticles under conditions where CO,R selectivity on polycrystalline Au rapidly
decays to zero. Comparison with other surface ligands and nanoparticles shows that this effect is
specific to both the chemical identity and the surface structure of the dodecanethiol monolayer. To
demonstrate the potential of this catalyst, CO,R was performed in electrolyte prepared from ambient
river water, and dodecanethiol-capped Au nanoparticles produce more than 100 times higher CO yield
compared to clean polycrystalline Au at identical potential and similar current.

1 Introduction ple, capping agents have been shown to promote catalyst perfor-

mance through selective site blocking, %23 ligand substrate inter-

Nanoparticle catalysis benefits from inherently high surface
to mass ratios and controllable surface structure,!=3 size, %>
shape, 397 and composition*#, which offer the ability to tune the
activity and selectivity of heterogeneous catalytic systems. ? These
properties are often controlled using small molecules or polymers,
called capping agents, which coordinate to surface atoms during
synthesis. 10 Despite providing a high degree of synthetic control,
from a catalysis perspective, organic capping agents are usually
undesired because this inert layer occupies the majority of po-
tentially active surface sites on the nanoparticle catalyst. Conse-
quently, effort is usually made to remove the capping agent from a
nanoparticle catalyst prior to use. %11 However, there have been
a number of studies which show that surface ligands can actu-
ally enhance selectivity 1217 and even activity. 182! For exam-
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actions, %2> or by providing prolonged stability.?! These surface
ligands can provide a homogeneous type handle to control het-
erogeneous catalysis.

Many heterogeneous reactions, like carbon dioxide reduction
(CO,R), have a strong surface structure dependence.26-28 Both
theoretical and experimental studies have shown that CO,R on
Au primarily occurs at undercoordinated sites (i.e. coordination
number < 7).29-33 Single crystal studies on Au show that these
sites are at least 20-fold more active for CO,R than the more coor-
dinated terrace sites.?? In that same study underpotential depo-
sition also showed that these low-coordination sites are the first
to poison by electrodeposition of divalent cations. It is well doc-
umented that electrodeposition of metal cations on an electrode
surface during CO,R leads to catalyst deactivation,34-3¢ making
electrolyte purity a difficult but important parameter to control.
Considering the cost associated with water purification, this is an
often overlooked challenge that is intimately related to the eco-
nomic viability of aqueous CO, conversion and utilization. 3738

In this work we investigate the influence of an organic passi-
vation layer on the catalytic performance of small Au nanopar-
ticles, having a 2 nm diameter, for electrochemical CO,R. We
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compare the activity, selectivity, and deactivation of the follow-
ing systems: 1) as prepared Au nanoparticles containing a layer
of 1-dodecanethiol (DDT-Au), 2) Au nanoparticles following re-
moval of the dodecanethiol ligand by UV/ozone cleaning (UVO-
Au), 3) Au nanoparticles of identical size prepared with a layer
of triphenylphosphine in place of dodecanethiol (PPh;-Au), 4)
CuAu bimetallic nanoparticles of identical size prepared with a
layer of dodecanethiol (DDT-CuAu), and 5) polycrystalline Au
(PC-Au) with and without a self-assembled monolayer (SAM) of
dodecanethiol. Unless otherwise noted, measurements were per-
formed in CO,-saturated 0.1 M sodium bicarbonate (pH=6.8) at
-1.1 V vs RHE. To determine the effects of surface poisoning by
electrodeposition of trace divalent metal ions, CO,R kinetics were
compared in the presence and absence of 3.4 uM EDTA, which
has been previously reported to prevent electroplating of divalent
metal ions by strong chelation. 3°

We find that while dodecanethiol reductively desorbs from
polycrystalline Au surfaces before the onset of CO,R, a stable
population of dodecanethiol exists on the Au nanoparticle surface
under CO,R reaction conditions at potentials as low as -1.1 V vs
RHE. Although the presence of dodecanethiol decreases the elec-
trochemical active surface area of the Au nanoparticles, it has only
a small effect on CO,R current. This is confirmed by similar initial
partial currents of CO production on DDT-Au, PC-Au and UVO-Au.
These findings suggest that while the dodecanethiol layer passi-
vates the majority of the Au terrace sites, it specifically does not
block the edge and/or corner sites, which are primarily respon-
sible for CO,R. Additionally, not only does the capping layer not
limit CO,R activity, we find that it greatly increases the catalyst
stability by preventing the deposition of trace metal cations. In
essence, this capping layer, which is permeable to CO, is almost
completely impermeable to divalent metal cations, providing en-
hanced stability with almost no decrease in catalytic activity. Fi-
nally, we show that this protecting effect is specific to both the
chemical identity and the structure of the organic capping layer.

Specifically, we observe that on PPh-Au Faradaic selectivity to
CO decays rapidly, indicating that, unlike DDT, PPh; does not
block ion deposition. Likewise, we find that DDT-capped CuAu
nanoparticles also do not resist deactivation. On DDT-CuAu we
observe reduced selectivity to CO and increased H, evolution,
consistent with the effects of Cu addition. However, focusing on
catalyst stability, we find that the Faradaic efficiency to CO on
DDT-CuAu rapidly decays, similar to PC-Au and PPh;-Au. We at-
tribute to this to the reduced order and lower heat of adsorption
of DDT on bimetallic CuAu nanoparticles compared to pure Au
as characterized by vibrational sum frequency generation (SFG)
Sspectroscopy.

2 Results and Discussion

Nanoparticles were drop-casted onto a glassy carbon electrode
prior to measuring CO,R kinetics in an electrochemical H-cell
(see supporting information section 1 for additional experimen-
tal details). The nanoparticle mass loading was carefully selected
to yield the same electrochemical active surface area (ECSA) for
clean Au nanoparticles following ligand removal (i.e. UVO-Au)
as for a clean PC-Au electrode. The capping agent was removed
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Sample Ico(mA) ECSA (cm?) TOF(“2lcules)
DDTAu 081 0.15 12
PC-Au  0.80 1.2 1.8

UVO-Au  1.14 1.2 2.4

Table 1 Partial CO current (Ico), electrochemical active surface area
(ECSA), and turn over frequency (TOF) of DDT-Au, PC-Au, and UVO-
Au catalysts.

using UV generated ozone and washed with milli-Q water. 4° This
process was sufficient to completely remove the dodecanethiol
capping agent as confirmed by XPS measurements, which show
complete elimination of the S 2p signal after cleaning (see Figure
S2 in supporting information section 1). TEM images of UVO-Au
immediately following DDT removal by UV-ozone shows that re-
moval of the surface ligand results in nanoparticle aggregation,
and we find that it is impossible to stabilize the nanoparticle mor-
phology in the absence of the surface ligand. This makes it dif-
ficult to quantify the exact fraction of the nanoparticle surface
occupied by the DDT ligand because comparing ECSA before and
after UV-ozone cleaning shows an increase in surface area result-
ing from ligand removal, but this is partially offset by a loss of
geometric surface area caused by nanoparticle aggregation. Con-
sequently, the ratio of ECSA measured before and after ligand re-
moval represents a lower limit to the fraction of the Au nanopar-
ticle occupied by the surface, and an even higher surface area
would be observed after ligand removal if aggregation did not oc-
cur. Table 1 compares the ECSA measured by cyclic voltammetry,
the partial current to CO measured by head space sampling, and
the corresponding turnover frequency (TOF) using ECSA as an
estimate for active site density. This comparison is provided for
DDT-Au, PC-Au, and UVO-Au samples. As shown, the UVO-Au
has a similar ECSA as the PC-Au, which is by design based on
the mass loading of the drop cast samples. However, comparing
the ECSA between DDT-Au and UVO-Au shows that the ECSA is
8-fold higher for UVO-Au than DDT-Au, indicating that the do-
decanethiol capping agent occupies, as a minimum, at least 88%
of the Au surface sites (for details of the ECSA measurements,
see supporting information section 2). This value represents the
effective rather than absolute surface coverage and is defined by
accessibility of redox species to the particle surface, compared to
the absolute coverage, which is defined by the ratio between the
number of Au surface atoms to the number of DDT molecules.
Analysis of the S:Au atomic ratio measured by XPS allows us to
additionally estimate the absolute surface coverage for DDT as-
suming a truncated polyhedron with a 1 nm radius as described
in the supporting information section 3. This analysis indicates
that the absolute coverage of DDT on Au is ~60%, and this value
is in close agreement with previous reports by Hostetler et al. 4!
Comparison of the effective and absolute coverage indicates that
closely spaced DDT molecules on a Au surface are sufficient to
block access of solvated redox species to the electrode even if ev-
ery Au site is not occupied and provides insight into mass trans-
port through the cybotactic region as discussed further below.
Despite having only a small fraction of the total accessible

This journal is © The Royal Society of Chemistry [year]



ECSA, we find that the CO;R activity of DDT-Au is nearly iden-
tical to a clean PC-Au surface as measured by the partial current
to CO. Normalizing the CO partial current to the ECSA, it is pos-
sible to estimate the TOF assuming an active site density on Au
of approximately 1.2x10'3 sites/cm? (see supporting information
section 4). This calculation provides a reasonable estimate of the
average TOF of all exposed sites. The calculated TOF for DDT-Au
is the highest (TOF=14), where the exposed sites are found to
be approximately 8-fold more active than the average activity of
PC-Au (TOF=1.8) and approximately 6-fold more active than the
ensemble of sites present on UVO-Au (TOF=2.4). These values
represent initial kinetics during the first 20 min of reaction and
are normalized to ECSA measurements of fresh DDT-Au, PC-Au,
and UVO-Au. Below we consider the possibility that both reaction
rate and ECSA may evolve in time during the reaction.

Particularly we note that thiols on Au have been reported to
electrochemically desorb at reducing potentials. Consequently,
we carefully consider how the dodecanethiol surface ligand cov-
erage and associated ECSA is changing in time during CO,R reac-
tion conditions. Using XPS, the ratio of S 2p and Au 4f XPS shows
how the ligand coverage changes with time. Table S2 in section 5
of the supporting information shows results for as-prepared DDT-
Au nanoparticles and DDT-Au following 1 and 2 h reaction time.
During the first 1 h of reaction time the S:Au ratio decreases from
0.33 to 0.11 indicating that two thirds of dodecanethiol desorbs.
However, after 2 h the S:Au ratio only drops slightly to 0.07, indi-
cating that the remaining DDT is largely stable on the surface dur-
ing extended reaction times. Post reaction TEM confirms that the
size distribution of DDT-Au doesn’t change after 2 h of reaction
time (see Figure S6 in the supporting information section 5) pro-
viding further evidence that a sufficient fraction of dodecanethiol
is stable on the nanoparticle surface during CO,R as required to
stabilize the small nanoparticle size. In contrast, measurements
performed on PC-Au functionalized with dodecanethiol (DDT-PC-
Au), shows that on planar Au the dodecanethiol surface ligand is
completely removed within 1 h of reaction time. This indicates
that while dodecanethiol is not electrochemically stable at reduc-
ing potentials on planar Au, its stability is enhanced on small
nanoparticles for at least 2 hours, after which we see a slow loss
in activity, presumably due to gradual loss of the capping agent
(see Figure S8 supporting information section 5).

To further understand this, we also measure cyclic voltammo-
grams of DDT-Au and compare this to DDT-PC-Au. These data are
presented in Figure S7 in the supporting information section 5.
To summarize, on a planar dodecanethiol functionalized PC-Au
electrode, we observe a redox wave associated with the reductive
desorption and oxidative re-adsorption of dodecanethiol from the
Au electrode. Although the reduction peak of this wave overlaps
with H, evolution and CO,, reduction, the oxidation peak associ-
ated with re-adsorption is clearly visible, and these findings are
consistent with previous reports of CV cycling of SAMs on Au elec-
trodes. 4243 In contrast, we find that the same redox feature is no-
tably absent in the CV curve for DDT-Au, even though vibrational
spectroscopy and XPS both confirm the presence of dodecanethiol
on the nanoparticle surface. This indicates that the reductive des-
orption of dodecanethiol on DDT-Au nanoparticles is shifted to
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more negative potentials, and this is a result of the increased heat
of adsorption of dodecanethiol on a small nanoparticle compared
to bulk Au. For example, a study by Tsai et al.44 showed that
for Au nanoparticles, capped with 11-mercaptodecanoic acid, and
ranging in size from 60 to 20 nm, the heat of adsorption of the
thiol increases with decreasing nanoparticle size from 100 to 108
kJ/mol. In this study we use much smaller nanoparticles of only 2
nm diameter, where the heat of adsorption is expected to be even
stronger. While the actual value for heat of adsorption for dode-
canethiol on ultrasmall nanoparticles is beyond the scope of the
present paper, at this stage we confirm that a population of the
dodecanethiol is stable on the DDT-Au nanoparticle surface un-
der the CO;3R reaction conditions studied here. The persistence
of this capping agent is further verified by its ability to effectively
block electrodeposition of metal ions on the DDT-Au nanoparticle
surface as discussed below.
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Fig. 1 XPS of (a) Zn 2p (b) Au 4f on DDT-Au, PC-Au and UVO-Au
following electrolysis at —1.1 V vs RHE in 0.1 M sodium bicarbonate
electrolyte containing 10 uM of ZnCl,. Peak integration shows that the
Zn:Au atomic ratio is 0.51, 8.32, and 3.08 on DDT-Au, PC-Au, and
UVO-Au, respectively. The PC-Au and UVO-Au show additional peaks
due to the overlap of the Au 4fs), peak with the Zn 3p edge.*®

To investigate the effect of the dodecanethiol SAM on the elec-
trodeposition of metal cations, we prepared an electrolyte solu-
tion of 0.1 M sodium bicarbonate to which we added 10 uM
of ZnCl,. Concentrated Zn?* was used because Zn?* is a com-
mon contaminant in electrolyte solutions that is known to poi-
son CO,R catalysts by electrodeposition during reaction, and be-
cause it is difficult to quantify the trace amount of ions in a de-
activated sample by XPS.3? Using this intentionally contaminated
electrolyte, the catalysts were exposed to CO,R reaction condi-
tions at an applied potential of -1.1 V vs RHE for 40 min, and
then analyzed for the deposition of Zn using XPS. Results of the
post-electrolysis XPS measurements are given in Figure 1. Both
the PC-Au and UVO-Au samples show large amounts of Zn, hav-
ing a Zn:Au atomic ratio of 8.32 and 3.08, respectively, following
electrolysis. By comparison, relatively little Zn is found to deposit
on the DDT-Au catalyst following identical treatment, which has
a Zn:Au ratio of only 0.51. We note that 10 uM ZnCl, repre-
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sents much higher than normal impurity concentration, but this
serves to illustrate the effect of dodecanethiol to limit electro-
plating on Au during CO;,R. Similar results are also observed for
the electrodeposition of Cu?* (see supporting information section
6). These results show the ability of the dodecanethiol capping
layer to effectively prevent the approach and deposition of sol-
vated Zn?* ions onto the Au surface. This effect is fortuitous given
the observation that this same surface passivation layer does little
to block the accessibility of CO, to Au sites which are active for
CO3R.

Given the ability of the capping layer to selectively block metal
ion deposition during active CO;R, we investigated the kinetics of
the same three catalysts described above in electrolyte containing
only native ion contamination (i.e. no metal salts were inten-
tionally introduced to the system). In these experiments, 18 MQ
water (Millipore) was used to prepare 0.1 M sodium bicarbon-
ate electrolyte Sigma-Aldrich, >99.5%). Aside from using ultra-
purified water and acid-cleaned glassware, no further steps were
used to remove metal ion contamination. To illustrate the effects
of surface poisoning by electrodeposition of trace divalent metal
ions, CO,R kinetics were compared in the presence and absence
of 3.4 uM EDTA, which has been previously reported to prevent
electroplating of metal ions by strong chelation. 3° Figure 2 shows
the results of these experiments for DDT-Au (a-c), PC-Au (d-f),
and UVO-Au (g-i). In these experiments, CO,R reaction kinetics
are determined by head space sampling every 20 min during the
course of a 2 h reaction. 'H-Nuclear Magnetic Resonance (NMR)
analysis of the post-reaction electrolyte confirmed that no other
products besides CO and H, are produced, consistent with other
reports of CO,R on Au. 4648

As shown, PC-Au initially produces CO with 45% Faradaic se-
lectivity. However, within approximately 100 min of reaction
time, the Faradaic selectivity to CO decreases to nearly zero and
only the H, evolution reaction remains active. This rapid deac-
tivation is partially a result of metal ion contamination as evi-
denced by the comparison of this catalyst with and without the
addition of 3.4 uM EDTA to the electrolyte. In the presence of
EDTA, which strongly chelates any trace transition metal ions, we
find that the CO,R activity decays much more slowly. The ini-
tial Faradaic efficiency to CO during the first 20 min of reaction
is also improved, presumably by preventing fast ion deposition
during the initial several minutes of reaction, which occurs in the
absence of EDTA.

In contrast, DDT-Au is completely resistant to deactivation by
metal ion contamination. This can be seen by the constant Faradic
selectivity during the course of the reaction as well as the nearly
identical performance of this catalyst in the presence and absence
of EDTA. Both these observations are consistent with the ability of
dodecanethiol to block electrodeposition of metal ions at catalytic
active sites on the Au surface as shown in Figure 1 above.

Lastly, UVO-Au is initially the most selective catalyst for CO,R,
having a Faradaic selectivity of approximately 60%. This catalyst
is also more active than PC-Au despite having a similar ECSA.
Comparing the Au 4f XPS spectra of DDT-Au before and after lig-
and removal by UV-ozone treatment shows a shift in the spectrum
consistent with oxidation of the Au nanoparticles (see Figure S2
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of the supporting information section 1). It has been reported that
oxide-derived Au is highly active for CO, conversion to CO, 4%
and we expect this effect as well as ligand removal both con-
tribute to the increase in activity upon cleaning. Although initially
active, this catalyst is prone to deactivation and CO production
drops from 60% to 30% Faradaic selectivity during the course of
the 2 h reaction. Although the stability of the UVO-Au catalyst is
improved in the presence of EDTA, some deactivation is still ob-
served. We attribute this deactivation, which occurs even in the
presence of EDTA, to gradual reduction and time-dependent evo-
lution of the surface structure for this oxide-derived Au catalyst
during the course of the 2 h reaction. 4’

While the DDT-Au is more resistant to deactivation from ion
deposition, it remains unclear whether this is a result of the lig-
and stabilized geometry, or a property of the ligand itself. This
question is not trivial to answer because the ligand coverage and
morphological stability are inherently coupled. To gain additional
understanding about the influence of chemical identity and pack-
ing structure of the dodecanethiol capping agent on CO,R per-
formance we prepared two additional samples: Au nanoparticles
of similar size but with a triphenylphosphine rather than dode-
canethiol surface layer (PPh;-Au) and CuAu bimetallic nanopar-
ticles with a dodecanethiol surface layer (DDT-CuAu) also hav-
ing the same 2 nm diameter. Although dodecanethiol forms a
highly ordered SAM on a pure Au surface, addition of Cu atoms
results in a significant decrease in the packing order. This can
be observed in the vibrational SFG spectrum, where the relative
intensity of the CH; and CH, stretches reflects the degree of pack-
ing order.®! Vibrational SFG spectra of a dodecanethiol SAM on
PC-Au, DDT-Au, and DDT-CuAu are provided in the supporting
information section 7. These spectra confirm that while dode-
canethiol forms a well-ordered monolayer on planar PC-Au, and
only a small density of gauche defects are observed on DDT-Au,
the degree of disorder increases significantly on CuAu bimetallic
nanoparticles. This means that the comparison of DDT-Au with
PPh;-Au allows us to observe the effect of chemical identity, and
the comparison with DDT-CuAu allows us to observe the effect
of dodecanethiol packing order on the resulting CO,R reaction
kinetics.

A summary of results for all catalysts tested here is provided in
Figure 3. Solid bars show the initial CO current measured during
the first 20 min of reaction, and dash bars show the CO current
following 2 h of reaction time. The difference between the solid
and dash bars indicate the effects of catalyst deactivation. To il-
lustrate this more clearly, part f shows the relative CO,R activity
following 2 h of reaction normalized to the initial rate, where a
value of unity reflects no deactivation, and a value of zero reflects
complete deactivation. We find that the PPh;-Au catalyst deac-
tivates by approximately 85% during the experiment, indicating
that triphenylphosphine is unable to protect the Au nanoparticle
catalyst in the same manner as dodecanethiol. Similar to PPh;-
Au, we find that DDT-CuAu also deactivates by approximately
55% over the course of the reaction.

As discussed above, it is not possible to perfectly disentangle
the role of the DDT ligand and nanoparticle size in preventing
ion deposition because ligand removal inherently alters the size
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Fig. 2 Faradaic efficiency to CO and partial current of each product for DDT-Au (a b, and ¢), PC-Au (d, e and f). UVO-Au (g, h and i). Results
are compared for 0.1 M sodium bicarbonate electrolyte with and without 3.4 uM EDTA.

distribution. However, both of these control experiments indi-
cate that the ligand itself rather than the particle morphology is
responsible for the observed resistance to deactivation. In both
cases, particles of nearly identical size show significant deactiva-
tion suggesting that DDT ligand binding and structure, which is
unique to DDT-Au compared to either PPh;-Au or DDT-CuAu pro-
tects the catalytic particle from trace metal ion deposition. Fur-
ther support for this conclusion can be found in the literature,
where it was shown by single crystal studies that underpotential
ion deposition on Au electrodes occurs preferentially at underco-
ordinated sites. 293¢ Because ultrasmall nanoparticles will have
an increased density of low coordination sites as well as a higher
surface energy, we believe it is unlikely resistance to ion depo-
sition is related to the small particle size and instead conclude
that the surface ligand is primarily responsible for the observed
resistance to deactivation.

As shown in Figure 3e the total CO,R activity of the CuAu
bimetallic catalyst is low compared to pure Au. This is because
the addition of Cu results in decreased selectivity for CO and an
increase in H, evolution (see supporting information section 8).
These observations are consistent with previous reports, which
show that very small Cu particles are also less selective for CO,R
compared to larger Cu nanoparticles or bulk Cu catalysts.>2 Un-
like pure Au, DDT-CuAu also produces HCOO™ at 2% Faradic ef-
ficiency (see supporting information section 9). This is consistent
with reports of CO,R on larger (8 nm) Cu-Au bimetallic particles,
which also show small selectivity to HCOO~.4® However, focus-
ing on the catalyst stability rather than overall activity, we find
that the disordered structure of dodecanethiol on DDT-CuAu is
less effective at preventing deactivation compared to DDT-Au. We
attribute this to the combined effect of reduced order of DDT on
bimetallic CuAu nanoparticles compared to pure Au as character-
ized by SFG spectroscopy as well as the weaker heat of adsorption
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of DDT on Cu compared to Au resulting in decreased catalyst sta-
bility. Of all the catalyst studied, only the DDT-Au sample resists
significant deactivation, having approximately 90% of its initial
activity following 2 h of reaction. These results indicate that both
the chemical identity and packing order of the surface passivation
layer contribute to the ability of dodecanethiol to protect the Au
nanoparticles from deactivation.

To demonstrate the ability of the dodecanethiol capping agent
to prevent catalyst deactivation and preserve CO,R selectivity
under non-ideal reaction conditions, we have performed kinetic
measurements using electrolyte prepared with water obtained di-
rectly from the Olentangy River in Columbus, Ohio, USA. No pu-
rification except for particle filtration was performed. For refer-
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ence, elemental analysis of this water is provided in the support-
ing information section 10.°3 This ambient water was used to pre-
pare a 0.1 M sodium bicarbonate electrolyte, which was purged
with CO, prior to electrolysis at -1.1 V vs RHE. Figure 4 shows
the results of CO,R performed using DDT-Au and PC-Au in this
electrolyte. Above we showed that DDT-Au displays enhanced se-
lectivity and stability compared to PC-Au even in electrolyte pre-
pared using ultra-purified water, and a similar but much greater
effect is observed in this native system. As shown in Figure 4,
the absolute current is nearly identical between these two cat-
alysts, but CO,R activity to CO is more than 100 times greater
on DDT-Au compared to PC-Au. Full kinetic plots showing the
partial current to CO and H, are provided in Figure S12 of the
supporting information section 10. Not surprisingly, we observe
that under these harsh conditions, DDT-Au shows signs of deacti-
vation. However, we note that even following 2 h of electrolysis
a steady production of CO is still observed, highlighting the use-
fulness of this system to operate under realistic conditions, not
requiring tedious or expensive ultra-purification of reagents.

Au is one of the most selective known catalysts for conver-
sion of CO, to CO. While Au is highly selective, it is also pre-
cious, which motivates improved efforts to reduce consumption
and increase catalyst lifetime. Both these goals are effectively ad-
dressed through the use of ultrasmall DDT-Au nanoparticles as
described here. First, the use of ultrasmall particles decreases
Au consumption by maximizing catalyst dispersion compared to
larger Au nanoparticles or polycrystalline films. Second, these ul-
trasmall particles are stabilized by the DDT surface ligand, which
is earth-abundant and cheap compared to Au. Not only does DDT
serve to stabilize the ultrasmall particle size, but as shown here,
it effectively prevents deactivation of active Au surface sites by
electrodeposition of trace metal ions. Accordingly, DDT-Au pro-
vides optimal use of Au as an electrocatalyst for CO, conversion
by simultaneously maximizing dispersion while also significantly
enhancing catalyst lifetime.

To consider the mechanism by which ligand-stabilized DDT-Au
nanoparticles resist deactivation, we note that small nanoparti-
cles have a high density of undercoordinated Au sites, which are
known to be active for CO,R. 2933 While it is possible that these
active sites are also inherently more resistant to deactivation, we
believe that this is unlikely for two reasons: First, we observe that
EDTA serves to slow the selectivity loss for PC-Au and UVO-Au
suggesting that ion deposition is one of the primary contributors
to deactivation. Second, ions preferentially deposit at underco-
ordinated sites during underpotential deposition, 2 so one would
expect that these active sites to be especially prone to poison-
ing by metal ions. To describe the selective nature of the dode-
canethiol protecting layer, which is able to prevent deposition of
metal ions, while allowing the approach of CO, to Au active sites,
we consider that the Au nanoparticles employed here can be de-
scribed as multi-faceted polyhedrons as shown in the High-Angle
Annular Dark-Field Scanning Transmission Electron Microscope
(HAADF-STEM) of Figure 5a. Additionally, we refer to the scale
drawing in Figure 5b. We note that dodecanethiol forms a highly
ordered SAM on Au terraces,>* and we expect a large fraction of
DDT to reside on the terraces. This is confirmed by vibrational
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Fig. 4 Results of CO;R on DDT-Au and PC-Au catalysts in CO,-
saturated 0.1 M NaHCOj electrolyte prepared from ambient river water
with no purification except particle filtration. The plot shows the time
dependent yield of CO and the total current. For comparison the CO
yield from PC-Au is multiplied by 25.

SFG spectroscopy, which shows the presence of the SAM and in-
dicates by the relative intensity of the CH, and CHj stretches, a
high degree of order in the packing structure (see supporting in-
formation section 7). However on small nanoparticles, surface
ligands will minimize steric forces by striving to maintain a con-
stant volume fraction in the cybotactic region. Although dode-
canethiol will be unable to tightly pack across the edge between
adjacent terraces, a constant volume fraction can be maintained
by the formation of gauche defects. This is confirmed by com-
paring the SFG spectra of dodecanethiol on DDT-Au and PC-Au,
which shows an increase in gauche defects on DDT-Au compared
to PC-Au, and we expect these gauche defects are primarily lo-
cated near the edge sites. This is depicted in the scaled schematic
in Figure 5b.

Based on the radius of a hydrated Zn%t (or similar divalent
transition metal ions), this solvation complex would be unable to
approach either a terrace or an edge site given the density of the
DDT monolayer. Although we have shown that the dodecanethiol
coverage evolves during reaction, still we observe almost no cat-
alyst deactivation for reaction times up to 2 h. These results sug-
gest that there is a critical surface coverage that is necessary to
effectively block deposition of divalent ions. This may be related
to the ability of gauche defects to increase the volume fraction
of dodecanethiol surface ligands, enabling ion blocking even as
the dodecanethiol coverage decreases. Kinetic measurements in-
dicate that during the first 2 h dodecanethiol stays above this crit-
ical surface coverage; however, this effect is lost at longer times
(see Figure S8 in the supporting information section 5). From the
S/Au ratio after 2 h of electrolysis, we can estimate this critical
absolute coverage to be 13 %.

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 a) HAADF-STEM images of the DDT-Au nanoparticles with outlines showing the particle geometry. Multiple surface facets can be seen due to
the changing grain boundary. b) To scale depiction of an Au nanoparticle (2 nm) with an ordered layer of dodecanethiol surface ligands and solvated
Zn%* jons (5.3 A). Trace ion deposition on electrocatalysts occurs during CO,R, even in pure electrolytes, which decreases Au selectivity for CO. XPS
and kinetic measurements show that ordered dodecanethiol capping ligands on Au nanoparticles prevent ion deposition, without blocking CO,R active

sites.

It is not surprising that the effective dodecanethiol surface cov-
erage from the prespective of a solvated ion would be larger than
the absolute surface coverage. The hydrophobic nature of the
dodecanethiol will repel the hydrated cations but would not nec-
essarily block CO,, which is similarly hydrophobic. >0 In fact,
CO, is about twice as soluble in dodecane as it is in water.>%>7
This suggests that the dodecanethiol surface ligand would let CO,,
diffuse to the nanoparticle, and may actually serve to concentrate
CO, near the catalyst surface. Consequently, Au edge sites, which
are inaccessible to solvated transition metal ions are expected to
be readily accessible to CO,. In this study, no effort has been
made to optimize this effect by tuning the ligand composition or
structure. For example, we expect a correlation between activity
and chain length of a linear (or branched) thiol surface ligand
based on the competition between mass transport of CO, and
metal ions, and we anticipate that such studies focused on opti-
mization will become the focus of future work.

3 Conclusion

We have shown that, despite having a much smaller ECSA, Au
nanoparticles passivated with a layer of dodecanethiol have simi-
lar activity for CO, conversion to CO compared to clean polycrys-
talline Au as well as Au nanoparticles following ligand removal.
Not only does the presence of the dodecanethiol surface ligand
not limit CO partial current, we show that these ligand-capped
Au nanoparticles are resistant to deactivation under conditions
where the Faradic selectivity of polycrystalline Au rapidly decays
to zero. We find that although dodecanethiol reductively des-
orbs from polycrystalline Au, on small Au nanoparticles a fraction
of the ligand remains stable for >2 h reaction time at -1.1 V vs
RHE. The presence of this surface ligand is shown to significantly
limit the deposition of metal ions on the Au nanoparticle cata-
lyst during CO,R. These results indicate that dodecanethiol forms
a selective membrane on Au nanoparticles, which prevents ion
deposition while allowing nearly unhindered transport of CO,.
Comparison with other surface ligands and nanoparticles shows

This journal is © The Royal Society of Chemistry [year]

that this protecting effect is specific to both the chemical identity
and the surface structure of the dodecanethiol monolayer. When
operating in an electrolyte obtained from an impure ambient wa-
ter source, this DDT-Au catalyst produced a CO yield that is more
than 100 times greater compared to PC-Au, illustrating that lig-
and passivation of a nanoparticle surface can greatly benefit cat-
alytic activity despite the loss of ECSA. Given the cost associated
with water ultra-purification, this has potential to help address
the often overlooked challenge of electrolyte purity that is closely
related to the economic viability of CO, conversion.
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