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ABSTRACT: While most research efforts on CO2-to-CO
reduction electrocatalysts focus on boosting their selectivity, the
reduction rate, directly proportional to the reduction current
density, is another critical parameter to be considered in practical
applications. This is because mass transport associated with the
diffusion of reactant/product species becomes a major concern at a
high reduction rate. Nanostructured Au is a promising CO2-to-CO
reduction electrocatalyst for its very high selectivity. However, the
CO2-to-CO reduction current density commonly achieved in
conventional nanostructured Au electrocatalysts is relatively low (in the range of 1−10 mA/cm2) for practical applications. In this
work, we combine direct ink writing-based additive manufacturing and dealloying to design a robust hierarchical porous Au
electrocatalyst to improve the mass transport and achieve high CO2-to-CO reduction current densities on the order of 64.9 mA/cm2

with CO partial current density of 33.8 mA/cm2 at 0.55 V overpotential using an H-cell configuration. Although the current density
achieved in our robust hierarchical porous Au electrocatalyst is one order of magnitude higher than the one achieved in conventional
nanostructured electrocatalysts, we found that the selectivity of our system is relatively low, namely 52%, which suggests that mass
transport remains a critical issue despite the hierarchical porous architecture. We further show that the bulk dimension of our
electrocatalyst is a critical parameter governing the interplay between selectivity and reduction rate. The insights gained in this work
shed new light on the design of electrocatalysts toward scale-up CO2 reduction and beyond.
KEYWORDS: carbon dioxide reduction, hierarchical porous electrocatalyst, nanoporous gold, dealloying, additive manufacturing,
direct ink writing

1. INTRODUCTION
Reducing carbon dioxide (CO2) into value-added carbon
species using heterogenous electrocatalysts is a promising
approach to cut down greenhouse gas emissions and mitigate
climate change. Among electrocatalytic CO2 reduction (ECR)
pathways,1 the reduction of CO2 to carbon monoxide (CO) is
particularly attractive because CO is used in industry for the
manufacturing of various bulk chemicals.2 Since CO2-to-CO
reduction often takes place in aqueous solutions, it is
accompanied by a competing and undesirable hydrogen
evolution reaction (HER).3 Early studies have identified
efficient electrocatalysts including Au, Ag, and Zn, which
exhibit a high selectivity (ca. 80−85%) toward CO2-to-CO
reduction in the bulk form.4 To further improve this selectivity,
nanostructured materials with high surface-to-volume ratios
have been widely used owing to their abundant surface
catalytic sites compared to their bulk counterparts.5 The
density of active catalytic sites can be further maximized by
tuning the facets,6,7 defects,8,9 and chemical composition10 of
these catalysts. As a result, very high selectivities of up to ≈99%
for Au,11,12 ≈95% for Ag,13,14 and ≈95% for Zn15,16 have been
achieved with acceptable overpotentials, usually below 0.5 V

for Au and Ag, and 1.0 V for Zn. Aside from the selectivity, the
reaction rate of ECR (usually expressed in terms of current
density) is another critical factor to be considered. For
practical industrial production of CO from CO2, it is desirable
to achieve current densities >200 mA/cm2 with selectivity
>95%, corresponding to a CO partial current density of >190
mA/cm2 (i.e., 200 mA/cm2 × 0.95).17,18 However, low CO
partial current densities in the range of 1−10 mA/cm2 are
commonly reported in the literature when nanostructured
materials including nanoparticles,11 nanorods,19 nanosheets,20

and nanoporous metals21 are used in H-cell configurations.
These low current densities are justified by the relatively small
amount of electrocatalysts used to minimize mass transport
limitations and maximize selectivity. Consequently, there is still
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a research gap between the performance metrics of CO2-to-CO
electrocatalysts at the lab scale (1−10 mA/cm2) and industrial
requirement (>190 mA/cm2). This gap can be closed by
investigating the performance of robust electrocatalysts with
high mass loading. However, increasing the mass loading of
electrocatalysts by randomly stacking a large quantity of
nanostructured materials is obviously not an ideal approach
because issues related to the sluggish mass transport kinetics
associated with robust electrodes will diminish the catalyst
performance and selectivity. Instead of randomly stacking
electrocatalysts, a more holistic approach is needed to design
electrocatalysts with engineered architecture to facilitate mass
transport. To this end, here we use an additive manufacturing
technique based on direct ink writing in combination with
dealloying to print robust 3D multiscale, hierarchical porous
Au (HP-Au) electrocatalysts, which allows for achieving a high
total current density of 64.9 mA/cm2 with CO partial current
density of 33.8 mA/cm2 at ≈0.55 V overpotential, thus yielding
52% selectivity. This current density is one order of magnitude
higher than those achieved in conventional nanostructured
materials. Despite the hierarchical architecture design, the 52%
selectivity of our robust electrocatalyst is significantly lower
than the 99% selectivity achievable in conventional nano-
structured Au, suggesting that mass transport remains a critical
issue. Therefore, the interplay between current density and
selectivity is further investigated, and we show that reducing
the bulk dimension of electrocatalysts can result in ≈40%
improved selectivity (from 52 to 90%), with a trade-off of
≈75% decreased CO partial current density (from 33.8 to 8.4
mA/cm2). The insights gained in this study will pave the way
for the development of robust electrocatalysts for the large-
scale reduction of CO2 to CO and beyond.

2. EXPERIMENTAL
2.1. Materials Fabrication. Two types of porous Au samples

were fabricated to compare their ECR performance: HP-Au made by
direct ink writing and dealloying, and ≈6 μm-thick nanoporous Au
(NP-Au) films made by dealloying commercial gold-silver (Au-Ag)
foils with thickness ≈6 μm (Sepp Leaf Products).22 Below are further
details on the preparation of these two types of samples.
2.1.1. Direct Ink Writing. Au-Ag composite inks were prepared by

mixing 7 g of Ag clay (90 wt % Ag powder + 10 wt % water and
organic binder; precious metal clay (PMC), Mitsubishi Materials) and
6 g of Au clay (91.7 wt % pure Au + 8.3 wt % water and organic
binder; PMC, Mitsubishi Materials) with 0.5 to 1.0 g of organic
solvent (PasteMaker, Sherri Haab), corresponding to an average of 70
at.% Ag to 30 at.% Au composition. The alloy components were
mixed in a planetary centrifugal mixer (Thinky) for 1 min. To create
3D architectures, the ink was loaded into a 3 mL syringe-barrel
connected via a Luer-Lok to a tapered nozzle with a 200 μm inner
diameter. The print head was pressurized using an air-powered fluid
dispenser (Ultimus V, Nordson EFD) to provide the appropriate
pressure to extrude the ink through the nozzle.
2.1.2. Sintering. The 3D printed Au-Ag alloy samples were sintered

and homogenized by annealing them in air in a Vulcan 3−550
programmable furnace (Neytech) at a temperature of 850 °C for 12 h.
The diffusion length, L, was estimated using Fick’s law, L = (2D·t)1/2,
where D is the diffusion coefficient and t is the diffusion time in
seconds. Here, D = D0 × exp(−Ea/RT), where D0 is the temperature-
independent diffusion coefficient (cm2/s), Ea is the activation energy
for diffusion (kcal/mol), R is the ideal gas constant [J/(mol K)], and
T is the absolute temperature (K). Using reported values for D0 and
Ea (D0 = 0.23 cm2/s and Ea = 43.54 kcal/mol for the diffusion of Ag in
Au and D0 = 0.35 cm2/s and Ea = 46.67 kcal/mol for the diffusion of
Au in Ag, respectively), the diffusion length for Ag in Au and Au in Ag
at 850 °C for 12 h is calculated to be 80 and 57 μm, respectively.23

This is well above the Au and Ag particle size of 10 to 20 μm used in
this work. Thus, the selected annealing protocol should produce a
homogeneous alloy.

2.1.3. Dealloying. Ag was selectively removed from the Au-Ag alloy
precursors by free corrosion dealloying in 15 M nitric acid (HNO3)
inside a fume hood. The 3D printed Au-Ag precursor alloys were fully
dealloyed in 144 h (6 days) with refreshing the acid every 24 h, while
the 6 μm-thick Au-Ag precursors were dealloyed within 7 h. After
dealloying, the corresponding HP-Au and NP-Au samples were rinsed
multiple times with deionized (DI) water and kept in DI H2O for at
least 12 h to thoroughly remove residual acid from the pores. Finally,
the samples were dried under vacuum at room temperature and stored
inside an Argon-filled glovebox.

2.2. Structural Characterization. A JEOL 7500F scanning
electron microscope (SEM) equipped with energy-dispersive X-ray
spectroscopy (EDS) was used to obtain the morphology and
composition of as-printed, sintered, and dealloyed samples. X-ray
diffraction (XRD) patterns were collected using a Rigaku Miniflex
powder diffractometer (Cu X-ray source, operated at 40 kV/15 mA)
with a 0.02° step size and a 3 °/min scanning speed to investigate the
crystal structure of the fabricated materials. Small-angle X-ray
scattering (SAXS) was performed using a XENOCS Xeuss 2.0
Environmental X-ray scattering facility with dual copper and
molybdenum X-ray sources at Penn, which has a detection limit
between 1 Å and 570 nm, to investigate the sizes of the nanoscale
ligaments and pores in the fabricated materials.24−28

2.3. Electrochemical Characterization. All electrochemical
characterizations were performed using a Biologic SP-300 and an
Admiral Squidstat potentiostat. Silver/silver chloride (Ag/AgCl) and
mercury/mercury oxide (Hg/HgO) were used as reference electrodes
depending on the pH of the electrolyte. The measured potentials were
converted to a reversible hydrogen electrode (RHE) using:

= + +
×

E E(versus RHE) (versus Ag/AgCl) 0.222 V 0.059 V

pH

= + +
×

E E(versus RHE) (versus Hg/HgO) 0.140 V 0.059 V

pH

2.3.1. Electrode Preparation. Three types of electrodes were
investigated to compare the ECR performance: Monolithic HP-Au
made by 3D printing and dealloying as described above, HP-Au slurry
electrode, and monolithic 6 μm-thick NP-Au film also made by
dealloying. To prepare the HP-Au slurry electrode, monolithic HP-Au
from 3D printing and dealloying was hand-ground into fine powders
using a mortar and pestle and mixed with conductive carbon and
polyvinylidene fluoride (PVDF) binder (mass ratio 8:1:1), then dried
under vacuum at room temperature.

2.3.2. Cyclic Voltammetry (CV). CV experiments were performed
in 0.5 M H2SO4 solution with HP-Au and NP-Au samples used as the
working electrode, a Pt wire as the counter electrode, and Ag/AgCl as
the reference electrode. Subsequently, the electrochemical active
surface area (EASA) was derived using the ratio of reduced charge
density between HP-Au and a planar Au foil at the same scan rate.29

2.3.3. Lead Underpotential Deposition (Pb-UPD). To investigate
the density of active facets present in our materials, Pb-UPD was
carried out at the scan rate of 20 mV/s using an Argon-saturated
electrolyte consisting of 0.1 M NaOH + 1 mM Pb(ClO4)2, with HP-
Au or NP-Au samples used as the working electrode, a Pt wire as the
counter electrode, and Hg/HgO as the reference electrode.30

2.3.4. Electrocatalytic CO2 Reduction. CO2 reduction was
performed at room temperature in a gas-sealed H-cell consisting of
two compartments separated by an anion exchange membrane
(AEM) purchased from Dioxide Materials. Each H-cell compartment
was filled with 40 mL 0.5 M KHCO3 and 25 mL head space was left.
A Pt wire was used as the counter electrode in one compartment. In
the other compartment, HP-Au or NP-Au was used as the working
electrode and Ag/AgCl as the reference electrode. The electrolyte in
this latter compartment was saturated with CO2 (pH = 7.2) at a flow
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rate of 50 sccm and stirred at 300 rotations/min. All gaseous products
were passed into a customized gas chromatography system (GC,
Scion 456) equipped with a pulsed discharge detector (PDD) and a 5
Å molecular sieve-packed column. Helium gas (Airgas, 99.9999%)
was used as carrier gas. The partial current densities of CO and H2
were derived from the GC peak area using the following equations:31

= × × ×j
Fp

RT
peak area

flow rate
2

(electrode area)CO
0 1

(1)

= × × ×j
Fp

RT
peak area

flow rate
2

(electrode area)H
0 1

2 (2)

where F is Faraday’s constant, p0 = 1.013 bar, R is the gas constant, T
is the room temperature (293.15 K), and α/β are the conversion
factors for CO and H2 based on gas standards with known
concentration.

3. RESULTS AND DISCUSSION
3.1. Ink Viscosity. The viscosity of the raw Au and Ag clays

is too high to mix and print. The addition of a solvent enables
the mixing and formation of Au-Ag composite inks with
homogeneous, gel-like behavior that gives rise to excellent
printability. Figure 1 shows the rheological properties of the

Au-Ag ink. The apparent viscosity of the ink decreases as the
applied shear rate increases (Figure 1a), which shows the
shear-thinning properties of the ink. This shear-thinning
property allows the ink to flow readily when a shear stress is
applied. Figure 1b depicts the storage (G’) and loss (G″)
moduli of the ink, plotted against the applied shear stress. The
storage modulus represents the ability of the ink to store
energy via elastic deformation which describes the elastic
response of the material, while the loss modulus represents the
ink’s ability to dissipate energy during deformation which
illustrates the viscous response of the material. When the
applied shear stress exceeds 70 Pa, the storage modulus falls
below the loss modulus, and the ink will act more as a liquid
and will flow through the nozzle. After the ink exits the nozzle,
it no longer experiences any shear stress, and the storage and
loss moduli recover such that the ink acts as a solid. Thus, the
extruded filaments can hold their shape and support the 3D-
printed structure.

3.2. Structural Characterization of Fabricated Materi-
als. 3.2.1. Hierarchical 3D-Printed Architecture. The typical
morphology of the fabricated HP-Au samples at different
processing stages is compiled in Figure 2. Three levels of

Figure 1. Log−log plots of (a) apparent viscosity as a function of shear rate, and (b) storage (G′) and loss (G″) modulus as a function of the shear
stress of the Au-Ag ink.

Figure 2. Photograms and SEM images of hierarchical porous Au (HP-Au) at different processing stages. The as-printed sample (first row) is
composed of Au- and Ag-mixed powders, polymer binders, and solvents. Direct ink writing digitally dictates the macroscale porosity. The sintered
sample (second row) is composed of alloyed Au and Ag, and microscale porosity arises from the evaporation of solvents and decomposition of
polymer binder. Finally, Ag is selectively removed in the dealloyed sample (third row) to yield nanoscale porosity.
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porosity can be observed:32,33 (i) Macroscale pores with size
≈500 μm are shown in the second column and first, second,
and third rows. These macroscale pores arise from direct ink
writing. The shape of the macroscale pores is near-spherical
after printing but becomes square after sintering because of the
loss of organic binder, which leads to large shrinkage during
sintering and creates thin straight filaments of fully sintered
Au-Ag solid solution alloy. (ii) Microscale pores with size ≈1−
10 μm are shown in the third column and second and third
rows. These microscale pores are not present in as-printed
samples (first row, Figure 2) because they arise from solvent
evaporation and polymer binder decomposition during the
sintering step (second row, Figure 2). (iii) Nanoscale pores
with size of ≈50 nm are shown at a low magnification in the
fourth column third row, and at a high magnification in the
fifth column third row. These nanoscale pores arise from Ag
removal during dealloying. Note that the microscale pores
from step (ii) are preserved during the dealloying step (third
column third row, Figure 2). We anticipate that the co-
existence of macroscale and microscale pores will facilitate the
mass transport,34 while the nanoscale ligaments and pores will
provide a large surface area and active catalytic sites for the
CO2 reduction reaction to take place.35 In contrast, the 6 μm-
thick NP-Au used for control experiments only exhibits
unimodal porosity with an average ligament size of ≈41 nm
(Figure S1).
3.2.2. Chemical Composition. The composition of the

fabricated materials investigated at various processing stages
was estimated by EDS to be Au31Ag69 at.% after sintering,
which is close to the targeted composition of Au30Ag70 at.%.
After dealloying, the composition changes from Au31Ag69 to
Au93Ag7 at.%, which indicates that most of the sacrificial Ag
were dissolved in HNO3 during free corrosion dealloying. The
composition of the 6 μm-thick sample used for control
experiments was Au27Ag73 at.% before dealloying and Au97Ag3
at.% after dealloying. Therefore, the HP-Au and NP-Au
samples possessed a similar composition after dealloying. It
should be noted that the ≈5 at.% residual Ag atoms exhibit
lower catalytic activities compared to Au atoms, thus their
contribution toward CO2-to-CO reduction can be ignored.35

3.2.3. Crystal Structure and Average Ligament Size. The
crystal structure and nanoscale ligament size of the fabricated
samples after sintering and dealloying were investigated using
XRD and SAXS. Typical XRD patterns are shown in Figure 3a
in black for sintered Au-Ag parent alloys, and in green for the
corresponding HP-Au after dealloying. The two XRD patterns
match very well with the face-centered cubic (FCC) crystal
structure, which is expected since Au-Ag alloys and pure Au
crystalize in the FCC structure. A peak broadening is observed
on the XRD pattern of dealloyed samples as illustrated in the
inset of Figure 3a by the magnified (111) peak shown in black
(before dealloying) and in green (after dealloying). This peak
broadening suggests the existence of nanoscale features in HP-
Au.36

Next, we used SAXS to further confirm the presence of
nanoscale structures after dealloying.24,25 Two typical SAXS
patterns collected on a sintered Au-Ag parent alloy and the
corresponding dealloyed HP-Au are shown in black and green
in Figure 3b, respectively. The absence of a scattering peak on
the SAXS pattern of the sintered sample (black) indicates that
it is not porous at the nanoscale.24−26 On the other hand, the
SAXS pattern of the dealloyed HP-Au (green) shows a clear
scattering peak centered around q ≈ 0.008 Å−1 in the q-space.

This peak position in the q-space can be converted to a
characteristic size (d) in the real space using the following
relation24−26

= ×d q1.23 (2 / ) (3)

In doing so, eq 3 yields a characteristic size d ≈ 97 ± 11 nm,
which corresponds to the ligament-ligament distance.24−26 The
error of ±11 nm is estimated from the broadening of the
scattering peak. The average ligament size (dL) is approx-
imately half of the ligament-ligament distance, namely dL ≈ 49
± 6 nm.24−26 This structure size of 49 nm determined from
SAXS data agrees with the ≈50 nm directly estimated from
SEM images (e.g., fifth column third row in Figure 2). It
should be noted that despite the hierarchical porosity shown in
Figure 2, only one scattering peak associated with nanoscale

Figure 3. (a) XRD patterns of sintered Au-Ag (black) and dealloyed
HP-Au (green), both matching the FCC pattern. The inset shows
peak broadening in dealloyed HP-Au owing to the evolution of
nanoscale morphology. (b) SAXS patterns of sintered Au-Ag (black)
vs dealloyed HP-Au (green). The absence of scattering peaks in
sintered Au-Ag suggests the absence of nanoscale porosity, while the
dealloyed HP-Au shows a peak centered around the q-value of 0.008
Å−1. This corresponds to a ligament-to-ligament distance of ≈97 nm.
(c) CV profiles for Au foil (black) and dealloyed HP-Au (green)
scanned under 1 mV/s, with the inset showing a magnified profile for
Au foil.
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ligaments and pores was observed. Scattering peaks associated
with the macroscale and microscale pores were not observed
because the sizes of these large pores are beyond the detection
limit of our lab-scale X-ray scattering system.24

3.2.4. Surface Area and Surface-Active Facets Distribu-
tion. The specific surface area associated with the nanoscale
ligaments in dealloyed HP-Au was estimated using the
following relation:37−41

=S C d/ L (4)

where ρ is the bulk density of Au (19.3 g/cm3), dL is the
average ligament size (49 nm from SAXS), and C is a
dimensionless constant associated with the shape of the pores.
For disordered nanoporous metals, the value of C has been
reported to be 3.7.37−41 Using eq 4, the specific surface area is
calculated to be 4.0 m2/g which matches very well with typical
values reported in the literature for the specific surface area of
NP-Au with a comparable ligament size.33,38 Using the mass-
normalized surface area from eq 4, we found that the specific
surface area per footprint area40 of our HP-Au samples is
≈1.61 × 104 cm2/cm2. This value will be used later to quantify
the specific ECR activities.
Next, the electrochemical signature of the HP-Au inves-

tigated using CV techniques (green, Figure 3c) was found to
be consistent with that of planar Au foil (black, inset Figure
3c), with a significant enhancement in the geometric current
density (≈6000 times based on reduction peak height)
originating from the enhanced specific surface area per
footprint area. In addition, CV tests were also used to estimate
the EASA per footprint area of dealloyed HP-Au. In doing so,
we derived the ratio of the reduction charge density (i.e.,
specific capacity) between dealloyed HP-Au and planar Au foil
under the same scan rate.29 At the scan rate of 1 mV/s (Figure
3c), the dealloyed HP-Au yielded an EASA per footprint area
of 1.59 × 104 cm2/cm2 (detailed calculation is provided in the
Supporting Information). This value agrees with the specific
surface area per footprint area derived above. On the other

hand, CV scans at faster rates (i.e., 10 mV/s, Figure S2)
yielded a decreased EASA per footprint area of 1.23 × 104
cm2/cm2, suggesting the robust HP-Au electrodes will suffer
from mass transport limitation (diffusion of protons, adsorbed
sulfate anions involved in the surface reaction, etc.).42 This
mass transport limitation is expected to significantly affect the
ECR performance as will be discussed later.
It is well-established that the enhanced catalytic activities

toward CO2-to-CO reduction in nanoporous metals not only
arise from the increased surface area but also from the
increased density of catalytic active sites such as high-index
facets, steps, and kinks, which can effectively lower the energy
barrier for CO2-to-CO reaction.35,43,44 Therefore, in addition
to the surface area discussed above, Pb underpotential
deposition (Pb-UPD) was performed to study the exposed
facets (Figure 4). Pb-UPD is a powerful tool for surface study
since the deposition of Pb monolayer is sensitive to local order
(facets),45 and this technique has been widely used in NP-Au
analysis.30,46,47 Figure 4a−c shows the Pb desorption
voltammetry profiles of Au foil, 6 μm NP-Au thin film, and
dealloyed HP-Au, respectively. It should be noted that in
Figure 4c, an HP-Au slurry electrode (Figure S3) consisting of
HP-Au particles, conductive carbon, and PVDF binder was
used instead of a monolithic HP-Au. This is because usually
fast CV scans, 20 mV/s in our case, are applied in UPD in
order to obtain monolayer plating/stripping and avoid a bulk
deposition.48 However, due to the bulk nature (mm-scale
thickness) and sluggish diffusion kinetics of the monolithic
HP-Au sample, characteristic plating/stripping peaks could not
be observed under such fast scan rates as shown in Figure S4.
Based on previous reports, the Pb stripping profile can be
deconvoluted into four peaks: step/kinks with a peak at ≈0.30
V vs RHE, (111) facets with a peak at ≈0.41 V vs RHE, (100)
facets with a peak at ≈0.45 V vs RHE, and last (110) facets
with a strong peak at ≈0.60 V vs RHE.46,47 Figure 4d
summarizes the fraction of facets in different samples: in
dealloyed samples, the ratio of step/kink is 14.6% for 6 μm

Figure 4. Peak deconvolution profiles for Pb underpotential deposition (Pb-UPD) of Au foil (a), 6 μm-thick NP-Au (b), and HP-Au slurry (c) in
0.1 M NaOH + 1 mM Pb(ClO4)2 solution. Scan rate: 20 mV/s. (d) Percentages of different facets.
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NP-Au and 13.2% for HP-Au, both are ≈4 times of that in
planar Au foil (3.3%). This result suggests that compared to
their planar counterparts, both 6 μm NP-Au and HP-Au can be
expected to achieve a superior performance toward ECR not
only because of the enhanced surface area but also due to
enriched surface catalytic sites. It should be noted that the
difference in the fraction of other facets, for instance (111) rich
in Au foil and (110) rich in 6 μm NP-Au, comes from the way
the materials are processed into a thin film (cold rolling and/or
beating),22,49 while the contribution of these facets toward
ECR is minor compared to high-index facets, steps, and
kinks.35

3.3. CO2-to-CO Reduction. 3.3.1. Current Density and
Selectivity. CO2-to-CO reduction tests were performed on
monolithic HP-Au (≈150 mg) and a 6 μm-thick NP-Au film
(control sample) using an H-cell: A schematic setup with half-
cell reactions and a picture of the actual cell are shown in
Figure S5.50 The typical current densities recorded on these
two samples as a function of the applied potential are shown in
green (for monolithic HP-Au) and black (for 6 μm-thick NP-
Au) in Figure 5a. At high overpotentials (below −0.85 V vs
RHE), the current density of the monolithic HP-Au exceeds
100 mA/cm2, which is ≈4 times higher than that of the 6 μm
NP-Au. However, the maximum selectivity (Faradaic efficiency
(FE)) of the monolithic HP-Au is only ≈52% at −0.65 V vs
RHE (green curve, Figure 5b), which is lower than the 90%
peak selectivity achieved in the 6 μm-thick NP-Au film at
−0.55 V vs RHE (black curve, Figure 5b). For comparison, the
performances of various Au-based electrocatalysts toward CO2-
to-CO reduction are summarized in Table 1 (to ensure a fair

comparison, only data from experiments carried out in aqueous
electrolytes using H-cells are listed in Table 1). It is seen that
under a similar overpotential, the monolithic HP-Au delivers a
CO partial current density of ≈33.8 mA/cm2, which is one
order of magnitude higher than the typical CO partial current
density achieved using nanostructured Au electrode materials.
On the other hand, the selectivity of 52% achieved in
monolithic HP-Au is lower than the minimum 95% selectivity
desirable for practical industrial applications. This relatively
low selectivity originates from mass transport limitations.
Detailed discussion on mass transport restrictions is provided
in the Supporting Information. To verify that mass transport is
indeed responsible for the low selectivity, the monolithic HP-
Au with bulk dimension of ≈200 μm (measured by the 3D-
printed wall thickness, see Figure 2) was ground into particles
to reduce the bulk dimension from ≈200 μm down to ≈50 μm
(i.e., 4 times decrease in bulk dimension). These bulk HP-Au
particles were then mixed with conductive carbon and PVDF
binder to prepare an HP-Au slurry electrode (Figure S3). The
HP-Au particles achieved a selectivity of 72% at −0.55 V vs
RHE (blue curve, Figure 5b), which corresponds to a 20%
increase in selectivity compared to the monolithic HP-Au. It
should be noted that in calculating the FE of HP-Au particles,
the contribution of conductive carbon and PVDF binder in the
slurry cathode was separately measured and subtracted, as
those components only contributed to HER (Figure S6).

3.3.2. Specific ECR Activity. We then investigated the effect
of surface area on the current density trends for the three
electrocatalysts with three different bulk dimensions, namely
≈6, 50, and 200 μm, respectively. Figure 6a shows the

Figure 5. (a) Geometric current density was obtained at different reduction potentials for 6 μm NP-Au (black) and monolithic HP-Au (green).
The dots represent collected data, and the dashed curves represent fitting. (b) CO Faradaic efficiency (FE) as a function of applied potential for 6
μm NP-Au (black), HP-Au particles (blue), and monolithic HP-Au (green).

Table 1. Overview of the Performances of Various Au-Based Electrocatalysts toward CO2-to-CO Reduction

material category electrode description
potential (V vs

RHE) jCO (mA/cm2) jCO (mA/mg)
CO

selectivity reference

industrial requirement >190 >100 >95% 18
HP-Au monolithic HP-Au −0.65 33.8 0.05 52% this work

HP-Au sealed in acrylic casing −0.55 5.0 N/A 70% 34
HP-Au (4.4 μm thick) on Si substrate −0.57 5.2 3.3 92% 21

NP-Au thin film monolithic NP-Au (6 μm thick) −0.55 8.4 2.6 90% this work
Monolithic NP-Au (25 μm thick) −0.5 11.8 N/A 98% 7
monolithic NP-Au (200 μm thick) −0.39 5.9 N/A 98% 51
NP-Au (664 nm thick) on Si substrate −0.5 6.2 N/A 99% 12

Au nanoparticles
(NPs)

20 mg Au NPs (8 nm) in slurry −0.52 N/A 3.0 97% 6
Au NPs (20−40 nm) grown on Au foil with 1−2 μm
thickness

−0.4 9.8 N/A 98% 11

0.2 mg Au NPs (18 nm) on carbon nanotube −0.5 N/A 15.0 94% 9
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geometric current densities associated with CO formation, and
Figure 6b shows the corresponding geometric current densities
associated with the competing H2 evolution. It is seen that the
monolithic HP-Au with bulk dimension 200 μm exhibits the
highest geometric current densities for both CO and H2
formation. The specific current density, derived from normal-
izing the geometric current with respect to the specific surface
area, can provide insight into the origin of ECR activity.3

Figure 6c shows the specific current densities associated with
CO formation, and Figure 6d shows the corresponding specific
current densities associated with the competing H2 evolution.
Despite exhibiting the highest geometric current density, the
monolithic HP-Au displayed only ≈1% of specific CO activity
and ≈10% of specific H2 activity compared to the 6 μm NP-
Au. Due to the similar nanoscale morphology observed under
SEM (Figures 2 and S1) and a similar fraction of step/kink
observed under Pb-UPD (Figure 4), it should be expected that
the two materials exhibit similar catalytic properties. Thus, we
postulate the significant decrease in specific activity in
monolithic HP-Au originates from the mass transport
limitations. Specifically, a number of active catalytic sites in

the bulk cannot be effectively accessed owing to the slow
diffusion of reaction species. Interestingly, the HP-Au particles
showed improved specific activities compared to monolithic
HP-Au, with an enhancement of ≈11 times for CO and ≈2.3
times for H2 at −0.55 V vs RHE. Since the HP-Au particles are
identical in nature to monolithic HP-Au, with bulk dimension
being the only difference, this result proves our speculation
that the kinetic of mass transport in the monolithic HP-Au
electrode is sluggish. Moreover, the increase in CO is ≈5 times
that of H2, suggesting that the surface of HP-Au is highly active
toward ECR as long as they can be accessed. It should be
noted that despite the enhanced specific activities obtained in
HP-Au particles, their values are still one order of magnitude
lower compared with 6 μm NP-Au, suggesting that the mass
transport is improved but not entirely resolved. The
comparative study here shows that bulk dimension is a critical
parameter to be considered for the design of high-performance
electrocatalysts. In the case of monolithic HP-Au, its bulk
dimension (i.e., 3D-printed wall thickness) can be digitally
controlled from ≈100 μm to 1 mm by adjusting the nozzle
size.

Figure 6. Geometric current density of CO (a) and H2 (b), and specific current density of CO (c) and H2 (d) as a function of applied potential for
6 μm NP-Au (black), HP-Au particles (blue), and monolithic HP-Au (green). The specific current densities are derived from the specific surface
area.

Figure 7. (a) Tafel slope analysis for 6 μm NP-Au (black), HP-Au particles (blue), and monolithic HP-Au (green). (b) Stability test for monolithic
HP-Au at a constant current density of 50 mA/cm2 (black), with CO Faradaic efficiency (FE) measured every 60 min (green).
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3.3.3. Tafel Analysis. Tafel slopes in ECR can be used to
indicate the reaction pathway and rate-determining step.52

Therefore, the CO partial current densities in Figure 6a were
further used to derive the Tafel slope (Figure 7a) for each
sample. These Tafel slopes were found to be 87, 109, and 198
mV/dec for the three samples with bulk dimension of 6, 50,
and 200 μm, respectively. The Tafel slope of 87 mV/dec for 6
μm NP-Au suggests a fast pre-equilibrium step (1 e− transfer to
form CO2

−) prior to the subsequent nonelectron-transfer rate-
determining step;7 the Tafel slope of 109 mV/dec for HP-Au
particles suggests the rate-determining step is the 1 e− transfer
to form CO2

−;52 finally, the Tafel slope of 198 mV/dec for
monolithic HP-Au reflects the mass transport limitations.11

3.3.4. Stability. Last, we investigated the stability of
monolithic HP-Au. Figure 7b shows the galvanostatic ECR
profile of monolithic HP-Au over 5.5 h, under a constant
reduction current of 10 mA (corresponding to a geometric
current density of 50 mA/cm2). The overall selectivity,
neglecting the first 15 min where the system was still
equilibrating, was stable between 50 and 60%, and the
monolithic HP-Au showed slight degradation over time with
an increase in overpotential of ≈6 mV/h.

4. CONCLUSIONS AND OUTLOOK
In summary, we used direct ink writing in combination with
dealloying to design hierarchical porous Au structures for use
as robust CO2-to-CO reduction electrocatalysts with enhanced
mass transport enabled by the presence of three levels of
porosity, namely macroscale pores (≈500 μm), microscale
pores (1−10 μm), and nanoscale pores (≈50 nm). With the
robust design of our hierarchical porous Au, a total current
density of 64.9 mA/cm2 with a CO partial current density of
33.8 mA/cm2 is achieved in H-cell configuration under an
overpotential of 0.55 V. This current density is one order of
magnitude higher than those commonly reported in conven-
tional nanostructured materials. On the other hand, the
relatively low selectivity of 52% was proven to arise from
sluggish mass transport, which remains a critical issue despite
the hierarchical architecture. The insights gained in this work
can navigate us toward a better design of electrocatalysts,
taking advantage of the design flexibility of additive
manufacturing and dealloying.53 For instance, the macroscale
3D-printed wall thickness can be digitally controlled by
adjusting the nozzle size.33 In addition, the size and density
of microscale pores can be adjusted by tuning the ratio
between metal powders and polymer binders in the starting
ink. Finally, the degree of nanoporosity can be tuned with
various methods, including dealloying condition54 and
postdealloying treatment.33 The synergy among the multiscale
features shall balance the reaction rate and selectivity, which
paves the way for the future design of electrocatalysts toward
scale-up applications.
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