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ABSTRACT: Conversion of CO2 to CO powered by
renewable electricity not only reduces CO2 pollution but
also is a means to store renewable energy via chemical
production of fuels from CO. However, the kinetics of this
reaction are slow due its large energetic barrier. We have
recently reported CO2 reduction that is considerably enhanced
via local electric field concentration at the tips of sharp gold
nanostructures. The high local electric field enhances CO2
concentration at the catalytic active sites, lowering the
activation barrier. Here we engineer the nucleation and
growth of next-generation Au nanostructures. The electro-
plating overpotential was manipulated to generate an appreciably increased density of honed nanoneedles. Using this approach,
we report the first application of sequential electrodeposition to increase the density of sharp tips in CO2 electroreduction.
Selective regions of the primary nanoneedles are passivated using a thiol SAM (self-assembled monolayer), and then growth is
concentrated atop the uncovered high-energy planes, providing new nucleation sites that ultimately lead to an increase in the
density of the nanosharp structures. The two-step process leads to a new record in CO2 to CO reduction, with a geometric
current density of 38 mA/cm2 at −0.4 V (vs reversible hydrogen electrode), and a 15-fold improvement over the best prior
reports of electrochemical surface area (ECSA) normalized current density.
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Electrochemical reduction of CO2 to CO using electricity
offers a means to store the abundant but intermittent

energy available from renewable energy sources.1−3 However,
electrochemical conversion of CO2 to valuable products suffers
from slow kinetics, the need for high overpotentials, and poor
product selectivity.4,5 For example, the highly selective
reduction of CO2 to CO has been achieved with Au
nanoparticles; however, the current density of the reaction
was limited to only 2 mA/cm2 at an overpotential of 0.24 V.6

Several approaches including alloying,7 shape control,2,6,8 and
surface functionalization9,10 have been used to improve the
performance of CO2 to CO catalysts. Nevertheless, current
densities have, until recently, remained below 3 mA/cm2 at an

applied voltage of −0.35 V relative to the reversible hydrogen
electrode (RHE).
We recently reported the use of field-induced reagent

concentration (FIRC) to achieve a high intensity of efficient
CO2 reduction.

11 The high local electric field at the sharp tips
of metal nanostructures concentrates cation-complexed CO2

molecules near the active surface of the catalyst (Figure 1a).12,13

The Au nanoneedle electrodes exhibit CO2 reduction with a

Received: August 27, 2016
Revised: October 6, 2016

Letter

pubs.acs.org/NanoLett

© XXXX American Chemical Society A DOI: 10.1021/acs.nanolett.6b03615
Nano Lett. XXXX, XXX, XXX−XXX

pubs.acs.org/NanoLett
http://dx.doi.org/10.1021/acs.nanolett.6b03615


record-high geometric current density (jCO) of 15 mA/cm2 at
the low potential of −0.35 V (ηCO = 0.24 V) with near
quantitative Faradaic efficiencies (>95%). The electrochemical
surface area (ECSA) normalized current density at −0.4 V,
which reaches a value of 0.66 mA/cm2, is over 30 times higher
than for conventional nanorods and nanoparticles. We
demonstrated that this enhancement in CO2 reduction reaction
rate is due to the locally concentrated electric field at the sharp
tips of metal nanostructures and not because of the faceting of
nanoneedles.
We began the present study by exploring the connection

between the radius of curvature of nanostructured electrode
tips and high local field using electrochemical simulation
(Figure 1b). When we lowered the tip radius from 15 to 5 nm,
for example, the electric field at the tip increased 2-fold. We
focused on nanoneedles, since they allow for a higher degree of
nanostructuring and accessibility to electrolyte, compared to
other nanostructures such as nanoparticles and nanowires with
a similar tip radius of curvature.
We focused on bottom-up fabrication of gold microstructures

using electrodeposition on an insulator-passivated gold

substrate onto which we had patterned apertures 15 μm in
diameter.14,15 The modeling output demonstrates that, by
controlling the ratio of nucleation rate to growth rate (α) and
also by controlling the growth directionality, finer structures
can be formed (Figure 2a).
We sought therefore to manipulate, experimentally, the

overpotential with the goal of controlling these parameters.16

Higher overpotentials promote a surge in nucleation (higher
α), which is evident from the peak in current observed after 15
s of deposition. Additionally, at high plating current densities,
dendritic growth is favored: it overcomes the insufficient
availability of reagents by concentrating the ionic replenishment
at the growing tips of the structures. When we grow with a high
α, severe local reagent depletion (resulting in the subsequent
dip in current) promotes highly directional growth of gold
structures into the bulk electrolyte.17−19

With lower α and lower plating currents, gold ions consumed
in electrodeposition are efficiently replenished via diffusion. In
this case, gold structures tend to grow in both the longitudinal
and lateral directions and exhibit much more isotropic features
(Figure 2b).20

Figure 1. (a) Schematic of the multitip sharp Au nanoneedles with an increased number of active sites (higher density of tips). Finite element
computation results showing the effect of nanoneedle tip radii of (b) 5 nm, (c) 10 nm, and (d) 15 nm on electric field concentration (the scale bars
are 5 nm). A lower tip radius generates a higher electric field concentration.

Figure 2. Higher plating overpotentials generate finer structures. (a) Modeling outcome demonstrates the growth of finer structures by increasing
the nucleation/growth rate ratio and growth directionality. (b) A peak in current traces is observed at higher plating overpotentials, indicating the
occurrence of a high degree of nucleation.
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Gold structures are electrodeposited from a solution of 450
mM HAuCl4 in 0.5 mM HCl at 0, −0.2, and −0.3 V against an
Ag/AgCl reference electrode. Electron microscopy images
indicate that higher overpotentials promote directional growth
and finer structures (Figure 3). As we decrease the over-
potential, nanoneedles become coarser, and leaf-like structures
start to appear (at 0 V). Based on the acquired TEM images,
finer structures also have sharper tips. The measured tip radii of
nanoneedles are 50, 12, and 3 nm at 0, −0.2, and −0.3 V
respectively (Figure 3d).
To investigate the effect of sharpness on CO2 reduction

efficiency, we performed the reaction in CO2-saturated 0.5 M
KHCO3 (pH 7.2) and analyzed the products using gas
chromatography. Cyclic voltammetry experiments yielded
higher current densities for the sharper structures, verifying
faster kinetics for the CO2 reduction reaction (Figure 4a). The
current density is monitored at 0.29 V overpotential for 1 h.
The value for the sharpest nanoneedles is 3 mA/cm2

(normalized to ECSA), which is approximately 1.5 times
higher than for the coarser nanoneedles and more than 3 times
higher than the value measured for mixed leaf and needle
structures (Figure 4b). The enhanced performance of finer

needles is also apparent in CO Faradaic efficiency measure-
ments. Sharper needles exhibit higher efficiencies for CO
production at lower overpotentials (Figure 4c). At a potential
of −0.4 V vs reversible hydrogen electrode (RHE), the Faradaic
efficiency of CO2 to CO conversion decreases from ∼98 to 90
and 60% as the structures become duller. This suggests that a
limiting factor for achieving higher efficiencies is the availability
of CO2 molecules at the surface of electrodes.
As a result, by concentrating the electric field and

subsequently by enhancing the adsorption of CO2 molecules,
not only are the reaction rates improved, but higher CO
selectivity is also achieved. Although increasing the sharpness of
Au needles concentrates the electric field to a greater extent,
this effect is very local, and the needles’ low tip radius limits the
scale of the effective area (see Figure 1). We sought therefore to
increase the density of active tips and took a hierarchical growth
approach.
We grew the new hierarchical structures by partially covering

nanoneedles using a thiol SAM and then introducing a
secondary gold electrodeposition step. The SAM increases
nucleation sites on the sidewalls of the nanoneedles. Without
this passivation step, electrons are mostly accumulated at the

Figure 3. Higher overpotentials generate gold nanoneedles with lower tip radii of curvature. Electron microscopy images of gold structures grown at
(a) 0 mV, (b) −200 mV, and (c) −300 mV. (d) Tip curvature radii measured from TEM images of nanoneedles deposited at different potentials.
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tip of the structures, and the second growth step occurs mainly
at the preexisting tips (Figure S1).
When instead we apply the thiol layer, the high-energy planes

and the pointed features on the sidewalls that are left uncovered
become the regions of electron transfer and act as new
nucleation sites. Based on this approach, we transform
otherwise inactive sidewalls selectively into nucleation sites
for secondary structures having active tips (Figure S2). We
observe that, as each step is added in the hierarchical growth of
microstructures, the number of tips is significantly increased

(Figure 5a,b,c). The thiol layer was removed prior to CO2

reduction studies, by applying 1.4 V vs Ag/AgCl electrode in 50
mM H2SO4 for 800 s (Figure S3).21,22 Using these multitip Au
nanoneedles for CO2 reduction, we achieve a ECSA-normalized
current density of 9 mA/cm2 at 0.29 V overpotential, while
maintaining the selectivity and achieving near quantitative CO
Faradaic efficiency. The current density is about 3 times higher
than that measured using single tip Au nanoneedles and 15-fold
increase over the best previously reported performance (Figure
5d).11

Figure 4. Sharper nanoneedles enhance the electrocatalytic performance of gold structures for CO2 to CO reduction. (a) Partial display of cyclic
voltammetry results demonstrates a higher activity of needles with lower tip radii of curvature. (b) Faster kinetics of sharper nanoneedles are evident
from higher current densities obtained at −0.4 V. (c) Faradaic efficiency of generated CO using structures deposited at different overpotentials
exhibit a higher efficiency of CO2 to CO conversion achieved using sharper nanoneedles.

Figure 5. Structures with larger density of active sites exhibit enhanced electrocatalytic performances. SEM images showing multitip nanoneedles
grown after (a) zero, (b) one, and (c) two repeat(s) of sequential thiol passivation and growth steps. (d) Current densities are enhanced, as the
number of passivation-growth repeats are increased. (e) Further increase of the density of multitip structures deposited on carbon paper results in
outstanding geometric current densities.
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In practical applications, the loading of catalyst on a porous
electrode to improve catalytic performance is favorable. To
achieve this, we implemented the multitip Au nanoneedles on
carbon fiber. As shown in Figure S2, multitip Au needles can be
densely grown on carbon fiber with very sharp tips of 5 nm.
The materials show a geometric current density of 38 mA/cm2

at an overpotential of 0.29 V, which is 1.5 times higher than the
best catalyst reported (Figure 5e). It should be noted that, as
the number of repeats of growth-passivation steps increases, the
structures become heavier; thus their mechanical stability
deteriorates. This leads to the decay in current density in case
of the samples developed after tertiary growth.
In summary, we demonstrate herein that sharp-tipped Au

structures with smaller maximal sharpness enhance CO2
reduction performance. We grew electrodes with optimal
morphologies by promoting directional growth and increasing
the fineness of gold microstructures by controlling the relative
nucleation to growth rate during the electrodeposition. The Au
nanoneedles with the sharpest tips (i.e., 3 nm in radii of curve)
exhibit CO2 to CO conversion with a current density per ECSA
of 3 mA/cm2, which is 5 times higher than the previously
reported performance. We then further improved the perform-
ance of Au nanostructures by increasing the density of field-
concentrating sites through multistep growth of secondary and
tertiary pointed structures on the initially grown nanoneedles.
This optimization resulted in current density per ECSA of 9
mA/cm2 (15-fold higher than previously reported values).
Finally, we leveraged our new understanding of Au
nanostructure growth to maximize performance by growing
multitip Au nanoneedles on porous carbon fibers. Such
structures demonstrated outstandingly high geometric current
densities of ∼38 mA/cm2 at 0.29 V overpotential for CO2
reduction, proving exceptionally faster kinetics of reaction.
From a broader perspective any catalyst that can be
electrodeposited in the form of pointed structures can benefit
from this approach to achieve more efficient and kinetically
faster CO2 electrocatalytic reduction.
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