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supports, to effectively mediate the chemical processes that 
produce upgraded products [2].

Gold cathodes catalyze CO2 reduction to produce CO, 
H2, and minor amounts of formate [6–8]. Mixtures of H2 
and CO are the principal components of synthesis gas 
(syngas), which is a key intermediate for the production of 
hydrogen, ammonia, and methanol, as well as a precursor in 
Fischer–Tropsch synthesis and other thermochemical catal-
ysis to industrially produce hydrocarbons and oxygenates, 
such as fuels, light olefins, ethylene, and aromatics [9–11]. 
Currently, syngas is made by steam reforming of natural gas 
or naphtha, or coal gasification, which generally produces 
syngas composed of 30 to 60% carbon monoxide, 25 to 30% 
hydrogen, 5 to 15% carbon dioxide, 0 to 5% methane, some 
water vapor, and smaller amounts of hydrogen sulfide, car-
bonyl sulfide, ammonia, and other trace contaminants [12]. 
Syngas obtained from fossil feedstocks commonly has to 
be purified for downstream catalytic processes. In contrast, 
syngas derived from electrocatalytic CO2 reduction is clean 
because its gaseous products consist only of H2 and CO, 
eliminating the need for purification.

1 Introduction

A low-carbon economy demands that we generate fuels and 
chemicals that do not contribute to climate change [1, 2]. 
Electrocatalytic conversion of carbon dioxide and water into 
liquid fuels and useful chemicals with only solar electric-
ity as energy input is carbon-neutral by recycling and thus 
diminishes net CO2 emissions [3–5]. To enable this decar-
bonization, we must develop new catalysts and electrode 
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Nanomaterials are often better catalysts than bulk sol-
ids because of maximized surface area; additional activity 
benefits may arise from metastability at the nanoscale and 
nano- and atomic-scale control of nanostructures [1]. For 
use in electocatalysis, nanoparticles must be immobilized 
on electrically conducting, inert electrode supports to pro-
vide electrical contact to the catalytic nanoparticles, without 
corrosion of the support material. Electrode support materi-
als that possess high surface area, such as carbon fiber paper 
(CFP), additionally enhance performance (Fig. 1).

Carbon is commonly used as supporting electrode mate-
rial, in the form of glassy carbon, highly oriented pyrolytic 
graphite, carbon nanotubes, carbon fibers, carbon cloth, or 
graphene. Its availability, low cost, and robust nature make 
it economically desirable, compared to metal electrodes 
[13]. Additionally, carbon is chemically inert and electri-
cally conductive; it also has a wide potential window in 
both aqueous and non-aqueous electrolytes, which makes 
carbon compatible with many electrochemical applications 
[14, 15]. Specifically for CO2 reduction, electrode supports 
made of carbon have the advantage that carbon has a high 
overpotential for hydrogen evolution, thus suppressing this 
competing reaction [13].

So far, nanoparticulate catalysts for aqueous CO2 reduc-
tion have not been assessed on hydrophilic CFP supports. 

Reported nanoparticulate CO2 reduction catalysts are the fol-
lowing: copper is the most well studied cathode material for 
CO2 reduction electrocatalysis; copper nanoparticles have 
been examined on metallic copper, glassy carbon, carbon 
paper, carbon nanotubes, neat or nitrogen-doped graphene 
or graphene oxide, neat or nitrogen-doped nanodiamond on 
Si, or polytetrafluoroethylene supports [16, 17]. A copper-
gold nanowire array was tested on gold foil [16, 17]. Cop-
per-free nanocatalysts on various supports have also been 
reported for aqueous electrocatalytic CO2 reduction [18–
21], albeit most of them without or with only limited physi-
cal analysis of the nanomaterial–support assembly. Further, 
in the case of hydrophobic supports it remains unclear how 
aqueous electrolytes were able to wet these supports to min-
imize resistance in liquid electrochemical cells; hydrophi-
licity is needed to take advantage of large internal surface 
areas of porous carbon supports. Nanocatalysts comprised 
of FeOOH, Fe–N–C, Ni, Ni-doped nitrogenated carbon, Pd, 
Ag2O, CdS, Sn loaded on nitrogenated carbon, Au mixed 
with carbon black, or Au embedded with graphene have 
been investigated on hydrophobic carbon paper, which in 
several instances was Teflon-coated. Nitrogen-doped car-
bon nanoparticles, Ni–Fe nanoalloy on N-doped carbon, an 
aerogel composite of Sn on carbon, or SnO2 nanosheets cat-
alyzed CO2 electroreductions on as-purchased, unspecified 

Fig. 1 Schematic of nanoparticulate catalysts (yellow) on carbon fibers (gray), illustrating how the high surface area of a nanoparticle–CFP assem-
bly enhances the generation of CO2 reduction electrocatalysis products (prod.)
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carbon cloth. Nanomaterials consisting of N- or F-doped 
carbon, Ni, MoS2, Pd, Ag, SnO2, Au, or Bi on glassy car-
bon served as cathodes in CO2 reduction electrocatalysis. 
Indium nanocrystals on graphite and Au nanoparticles on 
graphene foam have been studied for CO2 reduction. Car-
bon nanotubes and nanofibers, either neat, doped with nitro-
gen or sulfur, or loaded with SnOx or Au nanoparticles, 
catalyzed CO2 electroreductions. Nitrogen-doped carbon, 
RuO2, Ag, SnO2, Au, or Bi nanomaterials on metal foils or 
thin film supports have also been reported [18–21].

Economical CFP supports enable greatly enhanced cata-
lyst mass activities [22] and ergo significant cost savings 
particularly for nanocatalysts made of precious metals, such 
as gold. As-purchased CFP is hydrophobic, which prevents 
widespread use in aqueous applications. Several challenges 
exist for the utilization of nanoparticles on CFP supports 
in aqueous electrolytes: (i) CFP must be rendered hydro-
philic without altering carbon fiber mesostructures for mass 
transport and mechanical stability reasons, (ii) nanoparticles 
must be distributed uniformly on the carbon fibers of hydro-
philic CFP, and (iii) nanoparticles must be immobilized on 
hydrophilic CFP such that they do not detach during electro-
catalysis. Our work offers solutions to all three challenges.

Carbon surfaces must be hydrophilic in liquid aque-
ous applications, including in electrocatalysis mediated by 
nanoparticles [15, 23–33]. We recently reported a green-
chemistry process that imparted long-lasting hydrophilicity 
to initially hydrophobic CFP by selective carbon surface 
hydroxylation [22, 34]. Our universal approach solved a 
long-standing challenge in nanoparticle electrocatalysis in 
aqueous media, by providing hydrophilic, high surface area 
carbon scaffolds that enable electrical contact to individual 
nanoparticles.

In addition to utilization in liquid aqueous applications, 
hydrophilic CFP [22] enables the deposition of nanoparti-
cles from aqueous colloids, such as the gold colloid of this 
work, because the water that surrounds the nanoparticles can 
completely penetrate into the three-dimensional network 
of the carbon fibers, thus taking full advantage of the high 
internal surface area of CFP architectures for nanoparticle 
immobilization. Such nanoparticle–CFP assemblies have 
many applications, including serving as electrodes in aque-
ous electrocatalysis, toward the development of climate-
friendly successor technologies for sustainable energy [3, 
16, 35–46]. Here, we demonstrate the successful implemen-
tation of gold nanoparticles with CFP electrode supports 
for CO2 reduction electrocatalysis in aqueous electrolyte to 
clean syngas, whose CO-to-H2 ratio was controlled by the 
applied potential or ionomer overlayers.

Ionomers are copolymers of nonionic and ionic poly-
mer units and are often used in ion selective membranes 
due to their ability to conduct ions of opposite charge to 

the ionic polymer units. Ionomer overlayers serve three pur-
poses: (i) improved adhesion of nanocatalysts to supporting 
electrode surfaces, (ii) increased charge transport from the 
nanoparticles to the electrode, and (iii) enhanced transport 
of liquid and gas phase species within the boundary layer 
of the electrode. The most commonly used and well inves-
tigated ionomer is Nafion, which forms lamellar structures 
of hydrophilic and hydrophobic channels comprised of sul-
fonate and difluoromethylene groups, respectively [47]. The 
hydrophilic channels transport electrolyte and liquid phase 
species to and from the catalyst surface, while the hydro-
phobic channels facilitate gas transport [48]. Sustainion is 
a popular ionomer in the CO2 reduction field because of 
a 20-fold enhanced solubility for CO2 compared to water 
[49]. Sustainion is an N-methylimidazolium-functionalized 
styrene polymer with high hydroxide ion conductivity and 
stability in pH ranges of 2–13 [50]. While ionomers have 
been used in CO2 reduction electrocatalysis to improve 
cathode stability and enhance product selectivity [48, 49, 
51–60], a systematic study of different ionomers on gold 
nanoparticles immobilized on CFP has not been conducted 
so far.

Carbon dioxide reduction electrocatalysis requires pro-
tons to proceed, making hydrogen evolution an inevitable, 
yet unwanted, competing reaction [3]. Strategies to suppress 
hydrogen evolution center on catalyst design, process opti-
mization, and engineering of the microenvironment at the 
catalyst surface. Key design criteria of the catalyst micro-
environment for CO2 reduction to useful carbon products 
are (i) eliminate water at the catalyst surface to suppress H2 
evolution (albeit water is needed near the catalyst in aque-
ous CO2 reduction), (ii) enhance the mass transport of CO2 
molecules to the catalyst surface, and (iii) facilitate the bind-
ing and bending of CO2 at the cathodic catalyst surface upon 
the first electron transfer, to form the surface-bound C–O 
intermediate. Here, we report a systematic study on aqueous 
CO2 reduction catalyzed by gold nanoparticles immobilized 
on hydrophilic CFP with engineered microenvironments at 
the catalyst surface.

2 Methods

All chemicals were used as received. Deionized water was 
obtained from a Thermo Scientific Barnstead Smart2Pure 
Pro UV/UF 15 LPH Water Purification System and had a 
resistivity of ≥ 17.5 MΩ ∙ cm. All experiments were per-
formed at room temperature. Data analysis and graphing 
were performed with Igor Pro 8.04 (Wavemetrics).

Carbon Fiber Paper (CFP) Treatment The acid-free process 
that imparts long-lasting hydrophilicity to CFP without 
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or 1.5 M CsOH (Acros Organics, 99.95%) was sonicated 
for 5 min, after which the solution sat in a covered vial at 
room temperature for 24 h, to obtain 0.1, 0.4, 0.8, or 1.5 M 
Cs+-exchanged Nafion solutions, respectively. Potassium- 
or cesium-exchanged Nafion overlayers on AuNP–CFP 
assemblies with 0.1 mg cm–2

geo ionomer loading on were 
prepared by adding 27.66 µL of 0.1 or 0.4 M K+-exchanged 
or 0.1, 0.4, 0.8, or 1.5 M Cs+-exchanged Nafion solution 
to 972.34 µL of isopropanol, mixing the resulting solution 
with a pipette tip, and drop casting 1 mL of the solution on 
an AuNP–CFP electrode that had been subjected to citrate 
removal; the AuNP–CFP electrode with the ionomer sus-
pension was placed in the Teflon tub and dried under a heat 
lamp at 60 °C for 25 min. Sustainion overlayers with 0.1 mg 
cm–2

geo ionomer loading were prepared by adding 18.44 µL 
of 5 wt% Sustainion solution (Dioxide Materials) to 981.56 
µL of ethanol (Pharmco, ACS grade); as purchased Sustain-
ion was suspended in ethanol, which is why ethanol was 
used as the dispersant. The resulting Sustainion solution 
was mixed with a pipette tip, and 1 mL of the solution was 
drop-cast on an AuNP–CFP electrode that had been sub-
jected to citrate removal; the AuNP–CFP electrode with the 
ionomer suspension was placed in the Teflon tub and dried 
under a heat lamp at 60 °C for 25 min.

Physical Characterization High-resolution scanning elec-
tron microscopy (SEM) images were collected at UR-Nano, 
using 12,000× or 100,000× magnification at a Zeiss Auriga 
scanning electron microscope, equipped with a Schottky 
field emission emitter, and operated at 1.00 kV with a work-
ing distance of 4.9 mm; images were collected in secondary 
electron mode to enhance elemental contrast. Electron-dis-
persive spectroscopy (EDS) data were taken with an EDAX 
Octane Elect Plus system in conjunction with EDAX APEX 
software, to obtain EDS spectra and elemental maps of 
gold and carbon. The SEM image of Fig. 2C was acquired 
in backscatter mode to enhance elemental contrast, using 
a JEOL JSM-5900LV SEM instrument, equipped with a 
thermionic tungsten electron gun, operated at 25 kV with a 
working distance of 10 mm. CFP samples were immobilized 
on 1-inch diameter aluminum SEM stubs (Ted Pella) with 
carbon tape (Electron Microscopy Sciences).

X-ray photoelectron spectra (XPS) were obtained with 
a Kratos Axis Ultra XPS instrument, which was equipped 
with a monochromatized Al Kα radiation source, operated 
in high-power mode at 200 W and 15 kV, with a base cham-
ber pressure of 3.0 × 10–8 mbar. Samples were immobilized 
on double-sided adhesive copper tape. Survey scans were 
obtained between 0 and 1200 eV with a step size of 1 eV, 
a dwell time of 200 ms, and an analyzer pass energy of 
140 eV averaged over 5 scans. Core level region scans for 

damaging the carbon fibers and their network architec-
tures is described elsewhere [22, 34]. Briefly, we selec-
tively functionalized CFP surfaces with hydroxyl groups by 
sonication of CFP in 1 M aqueous sodium dodecyl sulfate 
(SDS) solution, followed by electrooxidation in 0.1 M pH 
8.7 aqueous KHCO3 electrolyte at + 1.63 V vs. Ag/AgCl 
for 20 min [22, 34]. Henceforward, this treatment is called 
SDS–electrooxidation.

Preparation of Cathodes from High-Surface-Area CFP Work-
ing electrodes were SDS–electrooxidation treated 2.4 cm 
wide × 3.8 cm high CFP pieces that were used neat or with 
immobilized gold nanoparticles (nanoComposix, 20 nm 
gold nanospheres, 0.05 mg mL–1 in 2 mM aqueous sodium 
citrate); 5.8 cm2 geometric surface area was exposed to the 
electrolyte in the electrochemical H-cell. We immobilized 
20 nm gold nanoparticles on hydrophilic CFP [22] (hence-
forward called AuNP–CFP assembly) by placing the CFP on 
the bottom of a custom-made Teflon tub, which was filled 
with 2 mL of gold nanoparticle colloid such that all CFP was 
uniformly covered. This Teflon tub was placed under a heat 
lamp at approximately 60 °C for 20 min. The resulting gold 
loading was 10 µg cm–2

geo.

Removal of Citrate from AuNP–CFP Assemblies Citrate was 
removed from AuNP–CFP assemblies by electroreduction 
in 0.1 M pH 8.7 aqueous KHCO3 electrolyte at − 1.28 V 
vs. Ag/AgCl for 30 min, with CFP as the counter electrode. 
Subsequently, AuNP–CFP assemblies were rinsed well with 
deionized water and dried in a clean nitrogen stream. Elec-
troreductive citrate removal was carried out in a separate 
electrochemical cell, to minimize the presence of citrate 
during CO2 reduction experiments.

Preparation of Overlayers on AuNP–CFP Assemblies ssem-
blies served as working electrNafion overlayers with 0.1 mg 
cm–2

geo ionomer loading were prepared by adding 18.44 µL 
of 5 wt% Nafion 117 containing solution (Sigma Aldrich) 
to 981.56 µL of 2-propanol (Fisher Chemical, ACS grade) 
before drop casting the ionomer suspension onto an AuNP–
CFP electrode that had been subjected to citrate removal; 
the AuNP–CFP electrode with the ionomer suspension 
was placed in the Teflon tub and dried under a heat lamp at 
60 °C for 25 min. Potassium-exchanged Nafion solutions 
were prepared by modification of a reported procedure for 
alkali ion exchange [61]. A solution with a 2/1 (v/v) ratio 
of Nafion 117 solution and 0.1 M or 0.4 M aqueous KOH 
(Thermo Scientific, 99.98%) was sonicated for 5 min, 
after which the solution sat in a covered vial at room tem-
perature for 24 h, to obtain 0.1 or 0.4 M K+-exchanged 
Nafion solutions, respectively. Likewise, a solution with 
a 2/1 (v/v) ratio of Nafion 117 solution and 0.1, 0.4, 0.8, 
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same conditions as the initial ones. Carbon dioxide reduc-
tion products were detected by an in-line gas chromatograph 
(GC, SRI Instruments, Multi-Gas #5 configuration) that was 
connected to the headspace of the working electrode com-
partment of the electrochemical cell. Hydrogen was mea-
sured by a thermal conductivity detector, while CO and other 
hydrocarbon products were identified by a flame ionization 
detector equipped with a methanizer. Following a published 
procedure [64], we programmed the gas chromatograph to 
measure produced gases every 20 min, starting 5 min after 
the start of the chronoamperometry experiment. A certified 
standard calibration gas (Airgas) was used to calibrate the 
gas chromatograph and obtain molar concentrations of pro-
duced gases by quantifying peak areas. Faradaic efficiencies 
(FE) were calculated from these molar concentrations in 
combination with the average charge transferred during the 
gas chromatograph sampling, using the following equation:

FE(%) =
Nproduct

Ntotal
=

cproduct(PPM) · ne · 1.327
(
C
8

)

|Iaverage|(A)

In this equation, Nproduct is the number of electrons trans-
ferred to make gas-phase product, Ntotal is the total number 
of electrons transferred, cproduct is the molar concentration of 
gaseous product in units of ppm, ne is the number of electrons 
required to reduce one molecule of CO2 to one molecule of 
product, and Iaverage is average current during gas chroma-
tography sampling in units of A. The constant parameters in 
the equation led to the number 1.327 in units of C s–1; this 
number was derived from multiplying the number of moles 
sampled (4.126 × 10–5 mol) with Avogadro’s number and 
the elementary charge, and then dividing by the time it took 
to fill the sample loop of the gas chromatograph (3 s). Aver-
age faradaic efficiencies were calculated by averaging data 
points from 25 min forward, to exclude artifacts from solid-
state material reductions. Error bars of faradaic efficiencies 
are the standard deviations of the total faradaic efficiencies. 
Likewise, error bars of partial current densities are the stan-
dard deviations of the total partial current densities.

Quantification of Formate by NMR 1 H NMR spectra were 
recorded at 500 MHz on a Bruker DPX-500 spectrometer at 
room temperature. A water pre-saturation method adjusted 
to the intensity of water signal, considering 10% D2O and 
90% H2O proportion was applied, after which a 90° width 
pulse was applied, followed by FID acquisition. Spectral 
width was 13.015 ppm large (6510 Hz) and centered on 
4.826 ppm, with 32 kpt collected over 64 scans. Acquisition 
time was 2.5167 s. Spectra were phase corrected, an auto-
matic baseline correction was applied, and manual bias and 
slope corrections were applied such that the integrals were 
flat on either side of the peak. Zero filling was applied by 

C 1s, O 1s, and Au 4f were acquired at the corresponding 
binding energy ranges with a step size of 0.1 eV, an average 
dwell time of 260 ms, and an analyzer pass energy of 20 eV 
averaged over 5 scans. Binding energies were referenced 
to the C 1s peak arising from adventitious carbon, taken to 
have a binding energy of 284.8 eV [62]. Binding energies 
and quantitative peak areas were derived after Shirley back-
ground subtraction [63] and Gaussian/Lorentzian envelope 
peak fitting. For the quantification of different components, 
instrument-specific atomic sensitivity factors determined 
from standard materials were used. XPS analysis was per-
formed with CasaXPS (Version 2.3.24).

Electrocatalysis  We used a custom-made polycarbonate 
electrolysis cell provided by the Jaramillo group (Stan-
ford University) for electrochemistry experiments [64]. 
In this cell, the working and counter electrode compart-
ments each had electrolyte volumes of 9 mL and gas head-
spaces of approximately 2 mL. Both compartments of the 
electrochemical cell were filled with CO2-saturated 0.1 M 
pH 6.8 aqueous KHCO3 buffer, and the cell was continu-
ously sparged with humidified CO2 (Airgas, 99.99%) at 
room temperature for 20 min to ensure that the electrolyte 
remained saturated with CO2 prior to electrochemical data 
collection. Throughout electrocatalysis, calibrated mass 
flow controllers (Aalborg) maintained the flow of CO2 at 20 
mL min–1 through the cell. Gas diffusion frits (Wilmad Lab-
glass) were used to enhance CO2 saturation in the electro-
lyte. The working and counter electrodes each had 5.8 cm2 
geometric surface area and were separated by a Selemion 
anion exchange membrane (AMV-N), which was stored 
overnight in 0.1 M aqueous KHCO3. The counter elec-
trode was a Pt foil (Aldrich, 0.025 mm thick, 99.9%) and 
the reference electrode was an Ag/AgCl electrode. Supre-
mium aluminum foil (Ultra-Clean) was used to electrically 
contact the working and counter electrodes to the leads of 
the potentiostat (BioLogic, SP-150-EIS). Solution resis-
tances were determined from impedance measurements and 
compensated using automatic 85% iR compensation; the 
remaining 15% was corrected manually after data collec-
tion, following a published procedure [64]. Solution resis-
tance measurements were conducted using the ZIR function 
of the BioLogic potentiostat. In accordance with a published 
procedure developed for our specific cell geometry [64], we 
used a frequency of 10 kHz for solution resistance measure-
ments. Each electrochemical experiment started with a mea-
surement of solution resistance, followed by the collection 
of two cyclic voltammograms from + 2.3 V to − 1.2 V vs. 
the reversible hydrogen electrode (RHE) at a scan rate of 
50 mV s–1 (Figure S1), taking chronoamperometry data at 
− 0.68 V vs. RHE for 2 h, and concluding with the collec-
tion of two more cyclic voltammograms under virtually the 
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because it was deliberately not immersed in the treatment 
solutions to keep it dry for electric contact without corro-
sion of the metal clamp at the lead to the potentiostat. Gold 
nanoparticles were uniformly distributed on carbon fibers, 
even deep within the carbon fiber network, as evidenced by 
SEM imaging (Fig. 2C, D, E); corresponding EDS maps 
and spectra are in Figures S2 and S3. The EDS data showed 
the presence of the elements carbon (from CFP and citrate), 
gold (from gold nanoparticles), and sodium (from sodium 
citrate). Our electrochemical cell required a working elec-
trode of 2.3 cm × 3.9 cm size. This large geometric area 
impeded the use of a dispersant [65] or spin-coating to spread 
aqueous nanoparticle suspensions on hydrophobic surfaces. 
Besides, such approaches are not amenable to large-scale 
applications in commercially viable electrolyzers.

Electroreductive citrate removal from AuNP–CFP 
assemblies. We employed electroreduction in 0.1 M pH 
8.7 aqueous KHCO3 electrolyte at − 1.28 V vs. Ag/AgCl 
to remove citrate from the AuNP–CFP assemblies, which 
were prepared from aqueous citrate-capped gold colloid. 
X-ray photoelectron spectroscopy (XPS) data of AuNP–
CFP assemblies that were collected before and after this 
citrate-removal electroreduction revealed that more sur-
face gold, relative to carbon, was detectable after citrate 
removal (Fig. 3). We obtained a more than 2.5-fold higher 
surface gold-to-carbon ratio of 0.065:1 after citrate-removal 
electroreduction than before (0.024:1); carbon from CFP 
and citrate contributed to the C 1s signal. Likewise, the 
surface gold-to-oxygen ratio increased more than six-fold 
from 0.16:1 to 1.05:1 upon electroreduction. The oxygen 
and carbon content of citrate, C6H5O7

3–, as well as that 

doubling the size of the FID before the Fourier transform. 
Samples were prepared by adding 35 µL of D2O with 35 
mM DMSO and 50 mM phenol to 700 µL of electrolyte. 
Calibration curves for formate quantification were prepared 
using 6 samples ranging from 50 mM to 1.6 µM. Peak inte-
grals were normalized with the DMSO peak area, equaling 
100.

3 Results and Discussion

3.1 Assemblies of Gold Nanoparticles on 
Hydrophilic CFP

We prepared assemblies of CFP and gold nanoparticles as 
high surface area cathodes in aqueous CO2 reduction elec-
trocatalysis. We immobilized 20 nm gold nanoparticles on 
CFP (henceforward abbreviated AuNP–CFP) by soaking 
hydrophilic CFP [22] electrodes in aqueous citrate-capped 
gold colloid and drying under a heat lamp, resulting in a gold 
loading of 10 µg cm2

geo. Untreated, hydrophobic CFP did 
not permit penetration of the aqueous gold colloid into the 
carbon fiber network. In fact, aqueous gold colloid droplets 
sat on top of the CFP surface, thus preventing nanoparticle 
deposition throughout the high internal surface area of CFP 
(Fig. 2A); the back side of hydrophobic CFP stayed com-
pletely dry. In contrast, hydrophilic CFP [22] was fully wet-
ted by the aqueous gold colloid (Fig. 2B). Interestingly, the 
aqueous gold nanoparticle colloid did not wet the electrode 
tab of treated CFP (Fig. 2B); the tab remained hydrophobic 

Fig. 2 Photographs of aque-
ous gold nanoparticle colloid 
on CFP that was horizontally 
placed in a Teflon tub; CFP was 
as-purchased and hydrophobic 
(A) or made hydrophilic by our 
green-chemistry treatment [22] 
(B). The hydrophobic electrode 
tab of treated CFP in (B) was not 
wetted by the aqueous gold col-
loid. SEM image of AuNP–CFP 
assembly, taken in backscatter 
mode to enhance the contrast 
between gold (bright) and carbon 
(dark), with a scalebar of 10 μm 
(C). High-resolution SEM images 
of AuNP–CFP assembly, taken 
in secondary electron mode to 
enhance the contrast between 
gold (bright) and carbon (dark), 
with scalebars of 1 μm (D) or 
100 nm (E)
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nanoparticle immobilization. Interestingly, no adsorbed 
water was present in XPS data that were taken after citrate-
removal electroreduction, indicating surface water loss at the 
cathode upon loss of citrate capping ligands. In contrast, in 
the post-electroreduction O 1s data (Fig. 4B), the third peak 
was located at a lower binding energy than that of the C–O 
and C = O peaks. Its central binding energy ranged from 
530.0 to 531.0 eV, attributable to Au2O3, in agreement with 
reported values [72–74]. Surface gold oxide likely resulted 
from oxidation of bare gold nanoparticles upon contact with 
ambient air after removal of the AuNP–CFP assembly from 
the electrochemical cell, washing with water, and drying 
before XPS data acquisition. We hypothesize that this native 
oxide layer is absent under cathodic polarization, during 
which metallic gold catalyzed the CO2 reduction process. 
This hypothesis is corroborated by the fact that we did not 
observe a gold oxide peak in the pre-electroreduction O 1s 
data, as surface gold was capped by citrate, which did not 
leave bare gold exposed and thus inhibited the formation of 
Au2O3 in ambient air.

High resolution Au 4f core level spectra required four 
peaks to match the measured data (Fig. 4C, D, E, F). We 
observed two sets of peaks for the two spin-orbit split com-
ponents Au 4f7/2 and Au 4f5/2. We constrained the intensity 
ratio of the Au 4f7/2 and Au 4f5/2 peaks to 4:3 to match the 
natural population of the spin states [74–76]. We obtained 
an Au 4f spin-orbit splitting of (3.7 ± 0.02) eV, in agreement 
with reported values for atomic Au [75–78]. We constrained 
the full-width-at-half-maximum values for all peaks in the 
Au 4f region to a range of 0.5–1.5 eV, in keeping with lit-
erature values [78–81]. In spectra collected before and 
after citrate-removal electroreduction, we predominantly 
observed metallic gold at the surface, with central binding 
energy ranging from 84.3 to 84.4 eV for Au 4f7/2 and 88.0 

of hydrophilic CFP [22] comprised the O 1s and C 1s sig-
nals. Sodium was detected in pre-electroreduction XPS 
data because the gold nanoparticles we used were capped 
by sodium citrate to stabilize the aqueous colloid. No sur-
face sodium was detectable post electroreduction, indicat-
ing detachment of capping ligands during electroreduction, 
consistent with our observation of higher Au:C and Au:O 
ratios after electroreduction, which provided evidence for 
the presence of uncapped surface gold.

High-resolution XP spectra in the Au 4f and O 1s core 
level regions showed significant changes of surface char-
acteristics between AuNP–CFP assemblies before and after 
citrate-removal electroreduction (Fig. 4). We fitted the data 
with several peaks to identify individual surface species, in 
accordance with reported values. A detailed description of 
O 1s core level region peak fitting of hydrophilic CFP can 
be found elsewhere [22]. High resolution O 1s core level 
spectra required three peaks to match the measured data. 
One peak had a central binding energy range of 531.6 to 
532.3 eV, attributable to C = O functional groups, whereas 
another peak exhibited a central binding energy range of 
533.0 to 533.7 eV, attributable to C–O species [66–69]. 
Each citrate molecule contains four C–O and two C = O 
groups, which contributed to the measured O 1s signals. 
The O 1s C–O to C = O peak area ratio was 0.67:1 before 
citrate-removal electroreduction, and 0.37:1 after electrore-
duction, when surface citrate was detached. In both O 1s 
spectra, taken before and after electroreduction, we had to 
include a third peak to match the data. In the data collected 
before electroreduction (Fig. 4A), this peak possessed a 
higher binding energy than the C–O and C = O peaks. It had 
a central binding energy ranging from 535.3 to 536.0 eV 
and was attributable to adsorbed water [70, 71], which 
likely originated from the aqueous colloid we used for gold 

Fig. 3 Survey XPS data of AuNP–CFP assemblies, collected before 
(A) and after citrate-removal electroreduction (B). Highlighted in yel-
low are the C 1s and Au 4d core level regions, which show the surface 

gold-to-carbon ratio; highlighted in green are the O 1s and Au 4p core 
level regions, which visualize the surface gold-to-oxygen ratio
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the amount of bare gold at the surface and concomitantly 
eliminated adsorbed water upon detachment of hydrophilic 
sodium citrate capping ligands.

We collected high resolution XPS data in the K 2s core 
level region to exclude the presence of surface residues from 
the aqueous potassium bicarbonate electrolyte that was used 
to render CFP hydrophilic. Additionally, we monitored the 
Fe 2p core level region for surface iron because iron is ubiq-
uitous in glassware and many chemicals [85]; incidental 
iron contaminations would be detrimental for CO2 reduc-
tion to useful carbon products because iron is an excellent 
hydrogen evolution electrocatalyst [86]. We highlighted the 
Fe 2p and K 2s core level binding energy regions in Fig. 5, 
according to values reported in the NIST XPS database 
[87]; these regions are 710–723 eV and 706–712 eV for Fe 
2p1/2 and Fe 2p3/2, respectively, with a spin-orbit splitting 

to 88.1 eV for Au 4f5/2, in agreement with published values 
[72, 78, 82–84]. The minor species in both spectra had cen-
tral binding energies ranging from 85.8 to 86.0 eV for Au 
4f7/2 and 89.5 to 89.7 eV for Au 4f5/2, attributable to Au3+–O 
[72, 74]. We observed a factor of 1.3 more surface Au3+–O 
relative to metallic gold in XPS data taken before citrate-
removal electroreduction than in those collected after elec-
troreduction. Together with our analysis of the O 1s data, 
we conclude that surface Au3+–O of AuNP–CFP assemblies 
before citrate-removal electroreduction originated from 
citrate ligands bound to trivalent gold. In contrast, surface 
Au3+–O after electroreduction was due to native oxide for-
mation in ambient air, which is corroborated by our obser-
vation of Au2O3 in the O 1s data. Overall, the XPS data of 
AuNP–CFP assemblies before and after citrate-removal 
electroreduction showed that our electroreduction enhanced 

Fig. 4 High-resolution XPS data 
of AuNP–CFP assemblies in the 
O 1s (A, B) and Au 4f core level 
regions with y-axes that display 
the entire spectra (C, D) and with 
y-axes that were magnified by 
a factor of 10 (E, F), collected 
before (A, C, E) or after citrate-
removal electroreduction (B, 
D, F)
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after a separate citrate-removal electroreduction step, com-
pared to current generation at AuNP–CFP cathodes without 
electroreductive citrate removal (Fig. 6A), indicating that 
our electroreductive citrate removal indeed detached only 
citrate capping ligands from the gold nanoparticles and left 
the AuNP–CFP assemblies intact, as loss of gold active sites 
would have resulted in less current generation. Currents 
were stable for 2.5 h (Fig. 6A), indicating that AuNP–CFP 
assemblies were structurally stable after electroreductive 
removal of sodium citrate.

During chronoamperometry testing, currents first 
decayed steeply due to expected initial charging effects at 
the solid–liquid interface [94], followed by a brief shallower 

of 13.6 eV [88–91], and 376–385 eV for K 2s [92, 93]. Our 
XPS data show that neither iron nor potassium were present 
at AuNP–CFP assembly surfaces (Fig. 5).

Aqueous CO2 reduction at AuNP–CFP cathodes. The 
AuNP–CFP assemblies served as working electrodes for CO2 
reduction electrocatalysis in CO2-saturated aqueous 0.1 M 
pH 6.8 KHCO3 electrolyte (Fig. 6). Carbon monoxide and 
hydrogen were the only detected products at an applied con-
stant potential of − 0.68 V vs. RHE. Neat hydrophilic CFP 
without gold nanoparticles generated negligible currents 
and no detectable products upon polarization at − 0.68 V 
vs. RHE (Fig. 6A). Current generation during CO2 reduc-
tion at AuNP–CFP assemblies remained virtually the same 

Fig. 6 Chronoamperometry data during CO2 reduction electroca-
talysis at an applied potential of − 0.68 V vs. RHE in CO2-saturated 
0.1 M pH 6.8 KHCO3 electrolyte (A); AuNP–CFP cathode without 
citrate removal, black, after a preceding citrate-removal electroreduc-
tion step, yellow, and neat hydrophilic CFP, gray. Time evolution of 
faradaic efficiencies of CO2 reduction products H2, red, and CO, blue, 

during electrocatalysis at a constant applied potential of − 0.68 V vs. 
RHE using AuNP–CFP cathodes without citrate removal (B). Aver-
age faradaic efficiencies of CO and H2 generated by CO2 reduction 
at AuNP–CFP assemblies without or with citrate removal before CO2 
reduction electrocatalysis (C)

 

Fig. 5 High-resolution XPS data in the Fe 2p (A, B; highlighted in orange) and K 2s core level regions (C, D; highlighted in purple) of AuNP–CFP 
assemblies, collected before (A, C) and after citrate-removal electroreduction (B, D)
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the importance of water elimination at the catalyst surface 
for CO2 reduction to useful carbon products. Therefore, in 
the following, all AuNP–CFP electrodes were first subjected 
to a separate electroreductive citrate removal step.

Higher current densities were obtained at AuNP–CFP 
cathodes at higher negative potentials, and CO-to-H2 ratios 
first increased and then decreased as potentials became 
more negative (Fig. 7). Current densities were stable at all 
applied potentials, indicating robust immobilization of gold 
nanoparticles on hydrophilic CFP. The chronoamperometry 
data collected at applied potentials of − 1.1 and − 1.20 V 
vs. RHE exhibited features that we attribute to gas bubble 
formation at the working electrode (Fig. 7). In general, 
transport resistance increases while a gas bubble forms and 
grows at the electrode surface, resulting in decreased activ-
ity, ergo lower absolute measured current, until the bubble is 
released and the initial activity is restored, leading to charac-
teristic oscillations in measured currents [96]. More bubble 
formation was observed at more negative applied potentials 
and concomitant more negative average currents (Fig. 7). 
Only hydrogen and carbon monoxide were detected as the 
products at applied constant potentials ranging from − 0.68 
to − 1.20 V vs. RHE, and CO-to-H2 ratios ranged from 1.89 
to 0.16. Overall, our CO2 reduction catalysis results demon-
strate that hydrophilic CFP [22] is an excellent high surface 
area electrode substrate for assessing the performance of 
nanoparticulate electrocatalysts in aqueous electrolyte.

While CO2 reduction electrocatalysis at nanostructured 
gold has been reported [7, 8, 42, 97–101], gold nanopar-
ticles were in all these cases immobilized on gold surfaces 
because nanostructuring of gold is the easiest way to pre-
pare macroscopic electrodes that contain gold nanoparticles. 
Gold nanoparticle CO2 reduction catalysts have also been 
reported on metal oxide cathodes whose cost effectiveness 

decay, attributable to reductive citrate detachment, analog 
to the electroreductive citrate removal procedure. Assign-
ment of this brief shallow decay to electroreductive citrate 
removal from gold surfaces is corroborated by the fact that 
the total faradaic efficiency at 5 min was less than 100% 
(Fig. 6B), as charge was lost in a material reduction process 
that did not contribute to CO2 reduction product generation. 
Likewise, a similar brief shallow decay was observed with 
citrate-free AuNP–CFP cathodes, likely attributable to the 
reduction of Au2O3 that had formed in ambient air after the 
removal of citrate ligands, as detected by XPS (see above). 
After this induction period, currents were stable, indicating 
robust immobilization of gold nanoparticles on hydrophilic 
CFP.

We obtained a factor of 5.6 higher CO-to-H2 ratio with 
AuNP–CFP assemblies, from which citrate was removed by 
a separate electroreduction step before CO2 reduction elec-
trocatalysis, than from analog AuNP–CFP cathodes without 
citrate removal (Fig. 6C). Citrate capping of gold nanoparti-
cles has been reported to enhance hydrogen production [95], 
which explains the higher observed faradaic efficiency for 
hydrogen at citrate-capped AuNP–CFP electrodes. Taken 
together, our findings of virtually identical current genera-
tion at AuNP–CFP cathodes without and with a preceding 
citrate removal step (Fig. 6A), detection of adsorbed water 
at citrate-containing AuNP–CFP cathodes (Fig. 4A), and 
lower selectivity for CO at citrate-containing AuNP–CFP 
cathodes (Fig. 6C) suggest that the change in the microenvi-
ronment at the gold catalysts from citrate capped to bare gold 
by electroreductive citrate removal decreased the amount of 
surface water at the gold catalyst and concomitantly steered 
CO2 reduction selectivity to higher faradaic efficiency for 
CO. Our observation of a significantly higher CO-to-H2 
ratio upon the removal of hydrophilic citrate corroborates 

Fig. 7 Current densities at different controlled applied potentials Eapp (A). Average faradaic efficiencies of CO and H2 as a function of applied 
potential of aqueous CO2 reduction catalyzed by AuNP–CFP cathodes (B)
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fouling can also occur if the bicarbonates and carbonates are 
insoluble in the electrolyte.

Use of applied potential and concomitant current den-
sity to control the CO-to-H2 product ratio has, in general, 
the disadvantage that at high negative bias H2 production 
becomes dominant. At the same time, high negative bias is 
desirable because it produces higher current density. There-
fore, we used a systematic series of ionomer overlayers to 
obtain desired CO-to-H2 product ratios at the same applied 
current density.

We chose to assess the performance of AuNP–CFP 
assemblies with different ionomer overlayers at controlled 
current density because current generation is governed by 
the reaction kinetics and ergo a measure for faster turnover 
or, in other words, higher activity. Constant current experi-
ments, also called chronopotentiometry or galvanostatic 
experiments, fix the current and concomitantly the kinet-
ics, while the potentiostat varies the potential to maintain 
that current. Obtained potentials are, therefore, a measure 
of how much kinetic overpotential was needed to achieve a 
certain amount of kinetic turnover for CO2 reduction at gold 
nanoparticles. If CO2 reduction to CO occurs in the trans-
port-limited regime, i.e. all CO2 molecules that are present 
at the catalyst surface turn over to form CO, the control sys-
tem of the potentiostat will make the potential increasingly 
negative to drive alternative reactions to meet the desired 
current; in the case of CO2 reduction at gold surfaces the 
main competing reaction is hydrogen evolution, which is 
easily identifiable by product quantification by gas chroma-
tography. In contrast, in a constant applied potential experi-
ment, also called controlled potential, chronoamperometry, 
or potentiostatic experiment, the thermodynamic driving 
force is kept constant and the total electrocatalytic activ-
ity is measured through the current, which is comprised of 
convoluted contributions from CO and H2 production. Ergo, 
galvanostatic data are more useful in the assessment of ion-
omer overlayers and concomitant microenvironment effects 
on gold catalysts in AuNP–CFP assemblies.

Gold cathodes produce only CO, H2, and formate in 
aqueous CO2 reduction [106], and thus simplify the sys-
tematic comparison of ionomer overlayers, compared to 
catalysts that generate a multitude of products [16, 86, 107]. 
Here, hydrogen and carbon monoxide comprised ≥ 99% 
of the products at an applied constant current of − 6 mA 
cm–2, with the remainder of up to 1% formate, detected by 
NMR (Figure S4), in agreement with reported products [42, 
108]. Recent work on layering proton and anion exchange 
ionomers on Cu and Ag cathodes showed increased CO2 
reduction selectivity towards desired products, while sup-
pressing H2 evolution [49]. Here, we used high surface area 
AuNP–CFP assemblies to enhance product generation, and 
we modified Nafion preparation procedures to steer product 

and, more importantly, long-term stability under turnover 
are inherently challenging because metal oxides are redox 
active [102]. Our hydrophilic CFP [22] can serve a cost-
effective electrode support for independently prepared gold 
nanoparticles. With an electrode size of 5.8 cm2 and a gold 
loading of 10 µg cm–2

geo, we used 58 µg Au in our AuNP–
CFP assemblies. In contrast, a 0.025 mm thick Au foil of 5.8 
cm2 area weighs 280 mg; 0.025 mm is the minimum thick-
ness required for mechanical stability in a liquid H-cell, as 
the one used here. As a result, our AuNP–CFP assemblies 
used > 4800× less gold by mass than would have been 
required with nanostructured gold foil. This material effi-
ciency is particularly important because gold is a precious 
metal that is valued at >$63,000 per kg [103].

3.2 Preparation of Overlayers oAqueous CO2 
Reduction at AuNP–CFP Cathodes with Ionomer 
Overlayers

With the aim to control the CO-to-H2 product ratio on gold 
nanoparticles independent of applied potential, we employed 
ion-conducting polymer overlayers consisting of Nafion or 
Sustainion. Commercial Nafion is superacidic (pKa approxi-
mately − 6) [104], reducing the local pH environment at the 
catalyst. The sulfonic acid concentration of as-purchased 
Nafion 117 with respect to the polymer’s density and equiv-
alent weight is 1.13 M, and local acidities are even higher, 
because Nafion phase-separates into a hydrophobic phase 
that is concentrated on the −(CF2)− backbone and hydro-
philic SO3

− clusters upon hydration; these sulfonate clusters 
are interconnected by channels that percolate through the 
polymer, which impart a percolation network for ionic con-
duction [47]. Highly acidic environments enhance hydrogen 
evolution in aqueous CO2 reduction electrocatalysis [16]. 
Sustainion is moderately basic and designed for use with 
supporting electrolyte [105].

Surface basicity enhances CO2 reduction via two pro-
cesses, (i) promotion of the binding of CO2 at the cathodic 
catalyst surface, for which the linear CO2 molecule must 
bend to form the bond to the catalyst surface and accept 
the first electron in the reduction process [3, 16], and (ii) 
suppression of the competing proton reduction reaction to 
hydrogen. Additionally, local solution-phase basicity sup-
presses proton reduction. Engineering the catalyst microen-
vironment, for example by tailored overlayers, is preferable 
over use of alkaline electrolytes because (i) basicity is 
needed only in the close proximity of the catalyst surface, 
(ii) acidic aqueous electrolytes possess faster mass trans-
port characteristics than alkaline water because protons are 
smaller than hydroxide ions [43], and (iii) CO2 forms bicar-
bonate and carbonate in alkaline solutions, leading to inher-
ent challenges with electrolyte neutralization [16]; catalyst 
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prepared by modifying a procedure reported in ref [61]. 
(Figures 8, 0.1 M vs. 0.4 M K+-Nafion). We additionally 
used Sustainion for comparison, which is often used in CO2 
reduction electrocatalysis because it possesses a 20-fold 
increased solubility for CO2 compared to water [49]. Fur-
ther, we employed Cs+-exchanged Nafion overlayers with 
four different Cs+ concentrations on AuNP–CFP assemblies.

Since we used virtually identical AuNP–CFP assem-
blies and otherwise unchanged electrocatalysis conditions, 
we expected that CO2 reduction catalysis occurred at gold 
nanoparticles, irrespective of the nature of the ionomer over-
layer. Control experiments with ionomers on CFP without 
gold showed negligible CO2 reduction products, and more 
negative potentials were needed to maintain a current of − 6 
mA cm–2 in galvanostatic experiments due to predominant 
hydrogen evolution (Figure S5). Additional potentiometric 
control experiments of CFP–AuNP assemblies with select 
ionomer overlayers at − 0.68 V vs. RHE in N2- instead of 
CO2-saturated electrolyte showed no formate and negligible 
CO formation, low current generation, and low amounts of 
produced hydrogen that were close to the detection limit of 
the gas chromatograph of approximately 200 ppm for H2 
(Figure S6).

The chemical nature of ionomer overlayers affected the 
microenvironments at gold surfaces, especially with respect 
to local pH and CO2 concentration. Comparison of AuNP–
CFP assemblies with no, Nafion, K+-exchanged Nafion, 
or Sustainion overlayers showed the following (Table 1): 
cathodes without any ionomer overlayer exhibited simi-
larly high CO-to-H2 ratios and similar measured potentials 

selectivity to CO. We performed K+-exchange of sulfonic 
acid protons in Nafion 117, using a modified reported 
procedure [61], to raise the local pH at gold surfaces and 
suppress hydrogen evolution. We employed two different 
concentrations of KOH (0.1 and 0.4 M) mixed in a 2/1 (v/v) 
ratio of Nafion/KOH; Nafion was at 5 wt% in solution. Ion 
exchange affects the ionomer structure and conductivity, 
and additionally has significant effects on charge distribu-
tion in the microenvironment of the catalyst surface, which 
affects binding energies and product selectivity [109]. We 
chose to increase the cation concentration compared to the 
work by Bell et al. [53] because it seemed unlikely that at 
0.1 M alkali ion concentration, all protons in the ionomer 
were exchanged. Protons have a much higher free energy of 
hydration compared to K+ because H+ cations are smaller 
than K+ cations, creating an entropic penalty for the protons 
to exchange with K+ [110, 111]. Conversely, Nafion has a 
higher affinity for larger than for smaller alkali ions or for 
protons, due to the low charge density of sulfonate sites, 
along with the hydration energy of the counterion and the 
gains in entropic energy from released water upon alkali ion 
substitution in the ionomer [112]. We chose to increase the 
concentration of the alkali ion exchange solution, compared 
to reported work, because alkali ion uptake by Nafion is 
increased by use of a more concentrated alkali ion solution.

Our results suggest that use of the more concentrated 
KOH solution (0.4 M) led to K+-exchanged Nafion with a 
higher local pH, as we obtained an increased CO2 reduc-
tion selectivity toward CO, compared to AuNP–CFP assem-
blies with 0.1 M K+-exchanged Nafion overlayers that were 

Fig. 8 Measured potentials in constant current experiments at − 6 mA cm–2 as a function of overlayer materials (A). Partial current densities of CO 
and H2 as a function of overlayer materials (B)
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Strikingly, the best-performing cathodes, i.e. AuNP–CFP 
assemblies with no, Sustainion, or 0.4 M Cs+-exchanged 
Nafion overlayers (Table 1), exhibited virtually the same 
performance for CO2 reduction in 0.1 M aqueous KHCO3 
buffer. Sustainion has a 20-fold higher solubility for CO2 
than water [49], which comprised the microenvironment of 
the AuNP–CFP assemblies with no overlayer, suggesting 
that at all of these three cathodes, CO2 mass transport did 
not limit the CO2 reduction reaction. We surmise that the 
ratio of ca. 0.36:1 is indicative of the intrinsic rate constants 
of CO vs. H2 production at gold nanoparticle surfaces.

While CO production was half of that of AuNP-CFP 
assemblies with 0.4 M Cs+-exchanged Nafion, cathodes 
with 0.4 M K+-exchanged or 0.1 M Cs+-exchanged Nafion 
showed remarkably similar performance (Table 1), presum-
ably because the smaller hydrated Cs+ cations outperformed 
the larger hydrated K+ cations, while the exchange solution 
with lower alkali ion concentration led to less ion exchange, 
balancing the overall performance. Based on our results of 
best performance with 0.4 M Cs+-exchanged Nafion, we 
conclude that CO2 mass transport into the double layer likely 
limited the CO2 reduction reaction at AuNP–CFP assem-
blies with 0.4 M K+-exchanged or 0.1 M Cs+-exchanged 
Nafion overlayers.

Cathodes with unexchanged or 0.1 M K+-exchanged 
Nafion overlayers predominantly produced hydrogen in 
0.1 M CO2-saturated aqueous KHCO3 buffer. High hydrogen 
generation from AuNP–CFP assemblies with unexchanged 
Nafion overlayers is unsurprising because of the high acid-
ity of Nafion [104] that reduces the local pH environment 
at the catalyst, presumably preventing CO2 adsorption at 
the catalyst surface, as surface basicity is needed for CO2 
to bind at catalyst surface sites [3, 16]. Surface starvation 
of CO2 leaves only H2 production by proton or bicarbonate 
reduction to maintain the set current in galvanostatic experi-
ments, leading to an observed potential of − 1.50 V vs. RHE 
to maintain a current density of − 6 mA cm–2, the second 
most negative observed potential at AuNP–CFP assemblies, 
which we rationally designed to have high overpotentials 
for hydrogen evolution. Cathodes with 0.1 M K+-exchanged 
Nafion also produced predominantly H2, but product gen-
eration had twice the selectivity for CO and occurred at an 
observed potential that was 0.17 V less negative, compared to 
unexchanged Nafion (Table 1). Adsorption of CO2 strongly 
depends on the electric field in the double layer [115]. The 
presence of alkaline cations in the double layer increase the 
interfacial electric field and decrease the energy barrier for 
CO2 adsorption on gold [115], increasing selectivity for CO. 
The dominant dipole field contribution of cations on gold 
surfaces has recently been ascribed to the Onsager reaction 
field, which is generally produced by a solute dipole polariz-
ing the surrounding solvent and ions; in the case of CO2, the 

as AuNP–CFP assemblies with Sustainion overlayers; both 
suppressed hydrogen evolution to a greater extent than 
unexchanged Nafion or K+-exchanged Nafion, even with 
use of the 0.4 M K+ cation solution. In comparisons of mea-
sured potentials, lower absolute value of potential is better 
because less negative potential translates into less energy 
consumption to reach the preset current density. Assem-
blies of AuNP–CFP with unexchanged Nafion overlayers 
produced mostly hydrogen, as expected for a highly acidic 
microenvironment of gold nanoparticles.

In addition to using K+-exchanged Nafion overlay-
ers, we employed Cs+-exchanged Nafion overlayers on 
AuNP–CFP assemblies because Cs+ cations are expected to 
enhance local concentrations of CO2 at the catalyst surface 
more than K+ cations. Since Cs+ cations have a larger ionic 
radius than K+ cations, the radius of hydration of Cs+ is 
smaller than that of K+. Hence, Cs+ cations induce a higher 
surface-charge density that creates a stronger electrostatic 
field in the double layer, which stabilizes the adsorbed CO2 
[113, 114]. Analog to our experiments with K+-exchanged 
Nafion, we increased the Cs+ cation concentration in the 
exchange solution, compared to the work by Bell et al. [53], 
because at low Cs+ concentration in the exchange solution, 
the amount of cation exchange may not be sufficient [110, 
111]. We chose Cs+ cation concentrations in the exchange 
solution of 0.1 M (as Bell et al. [53]), 0.4, 0.8, and 1.5 M.

Assemblies of AuNP–CFP with 0.4 M Cs+-exchanged 
Nafion overlayers performed best amongst all cathodes, 
exhibiting the highest CO-to-H2 ratio of 0.36:1 and a mea-
sured potential of − 1.43 V vs. RHE at a constant applied cur-
rent density of − 6 mA cm–2. Use of 0.1 M Cs+-exchanged 
Nafion overlayers has been reported [53]; we found that 
0.4 M Cs+-exchanged Nafion overlayers increased CO 
selectivity by more than a factor of 2, compared to 0.1 M 
Cs+-exchanged Nafion overlayers. Concentrations of Cs+ 
cations of greater than 0.4 M in the exchange solution sig-
nificantly decreased CO production to below 10% with 
respect to generated hydrogen.

Table 1 Carbon dioxide reduction performance of AuNP–CFP assem-
blies as a function of the nature of ionomer overlayers
Overlayer CO-to-H2 

ratio
Potential at 
− 6 mA cm–2

(V vs. RHE)
None 0.35:1 –1.42
Sustainion 0.36:1 –1.44
Unexchanged Nafion 0.03:1 –1.50
0.1 M K+-exchanged Nafion 0.07:1 –1.33
0.4 M K+-exchanged Nafion 0.17:1 –1.45
0.1 M Cs+-exchanged Nafion 0.17:1 –1.49
0.4 M Cs+-exchanged Nafion 0.36:1 –1.43
0.8 M Cs+-exchanged Nafion 0.09:1 –1.55
1.5 M Cs+-exchanged Nafion 0.01:1 –1.25
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or 36, respectively, compared to our best-performing cath-
odes that consisted of AuNP–CFP assemblies with 0.4 M 
Cs+-exchanged Nafion overlayers.

Overall, we observed almost identical performance 
by 0.4 M Cs+-exchanged Nafion and Sustainion ionomer 
overlayers on AuNP–CFP cathodes. We note that 0.4 M 
Cs+-exchanged Nafion is a cation exchange ionomer, 
whereas the popular Sustainion is an anion exchange iono-
mer. If an anionic intermediate, such as formate, is required 
to reside near the cathode surface for downstream reduc-
tive C–C-coupling, as has been suggested for Ni2P catalysts 
[123], a cation exchange ionomer overlayer, such as our 
0.4 M Cs+-exchanged Nafion, is advantageous because an 
anion exchange ionomer will readily shuttle anions away 
from the catalyst surface, thus preventing subsequent C–C-
coupling. Hence, our work provides a beneficial alternative 
to existing ionomers toward CO2 reduction to upgraded 
chemicals and fuels.

4 Conclusions

Our universal approach solved the long-standing challenge 
of providing inexpensive, hydrophilic, high surface area 
carbon substrates for nanoparticulate payloads for use in 
aqueous media. We immobilized gold nanoparticles from 
aqueous colloid on hydrophilic CFP and applied these high 
surface area assemblies as cathodes in aqueous carbon diox-
ide reduction electrocatalysis. Uniform gold nanoparticle 
distributions on carbon fibers, stable electrocatalytic current 
generation, and reduction of CO2 to CO and H2 indicated 
that immobilization of gold nanoparticles was successful; a 
factor of > 4800 less gold was used than would have been 
needed with traditionally used gold nanoparticles on gold 
foil.

We engineered gold catalyst microenvironments, predi-
cated on the key design criteria for CO2 reduction to useful 
carbon products, namely (i) elimination of water at the cata-
lyst surface to suppress H2 evolution, (ii) enhancement of 
mass transport of CO2 molecules to the catalyst surface, and 
(iii) facilitating CO2 binding and bending at the cathodic 
catalyst surface upon the first electron transfer, to form 
the surface-bound C–O intermediate. XPS data of AuNP–
CFP cathodes that were subjected before CO2 reduction to 
a separate citrate-removal electroreduction step provided 
evidence for enhanced amounts of bare surface gold and 
beneficial loss of adsorbed water upon detachment of citrate 
capping ligands; CO-to-H2 ratios at citrate-free AuNP–CFP 
cathodes were a factor of 5.6 higher than at citrate-capped 
AuNP–CFP electrodes, corroborating the importance of 
water elimination at the catalyst surface.

dipole induced by CO2 bending produces a larger electric 
field than the Stern layer electric field in the electrochemical 
double layer [116, 117]. Irrespective of the physical origin 
of the electric field enhancement, alkali cations at the gold 
catalyst–electrolyte interface increase CO selectivity. In 
addition, alkali cations promote bicarbonate reduction to H2 
at gold surfaces with lower overpotential than proton reduc-
tion to H2 [118], explaining why we observed a potential 
difference of 0.17 V for AuNP–CFP assemblies with unex-
changed vs. 0.1 M K+-exchanged Nafion overlayers. Only 
the K+-exchanged Nafion enabled bicarbonate reduction, 
thus lowering the overpotential for H2 generation, whereas 
the absence of alkali cations in unexchanged Nafion disfa-
vored bicarbonate reduction, so that current was generated 
by proton reduction to H2, which necessitated a high poten-
tial to overcome the rationally designed high overpotential 
for proton reduction at AuNP–CFP cathodes.

Predominant hydrogen evolution at AuNP–CFP assem-
blies with 0.8 or 1.5 M Cs+-exchanged Nafion overlayers 
was likely due to disrupted transport of ions, water, and 
CO2 in Nafion that was exposed to solutions with high 
alkali cation concentrations [119]. Transport of CO2 occurs 
mainly through the hydrophilic domains in Nafion [120]. 
In Nafion, water affinity and ionomer hydration drive the 
phase segregation and percolation network morphol-
ogy, which facilitates the excellent transport properties 
of Nafion ionomers [47]. High alkali content in the iono-
mer decreases water affinity. The percolation threshold is 
not met with low ionomer hydration, and mass transport 
decreases because of a lack of interconnected hydrophilic 
domains [119]. High alkali concentrations in an exchange 
solution significantly lower the water content within the 
Nafion ionomer during drying, which is needed to create 
an overlayer, and concomitantly decrease the extent and 
number of hydrophilic domains [121]. Additionally, high 
Cs+ concentrations in Nafion enable detrimental CO2 cap-
ture by forming CsHCO3, which limits the availability of 
CO2 for reduction to useful carbon products [120]. While it 
is possible to reduce bicarbonate instead of CO2, bicarbon-
ate reduction to carbon products is generally energetically 
less favorable than CO2 reduction [122]. However, alkali 
cations, such as Cs+, promote bicarbonate reduction to H2 
at gold surfaces with lower overpotential than proton reduc-
tion to H2 [118], explaining why we observed the lowest 
selectivity for CO together with the least negative potential 
of − 1.25 V vs. RHE at AuNP–CFP assemblies with 1.5 M 
Cs+-exchanged Nafion overlayers; in contrast, AuNP–CFP 
assemblies with 0.8 M Cs+-exchanged Nafion overlayers 
exhibited the most negative observed potential. All phe-
nomena together rationalize why AuNP–CFP assemblies 
with 0.8 or 1.5 M Cs+-exchanged Nafion overlayers pro-
duced CO-to-H2 ratios that were decreased by a factor of 4 
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if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.
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