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ABSTRACT: Many of the existing electrochemical catalysts suffer from poor selectivity,
instability, and low exchange current densities. These shortcomings call for a comprehensive
exploration of the catalytic processes at the fundamental nanometer length scale levels. Here
we exploit infrared (IR) nanoimaging and nanospectroscopy to directly visualize catalytic
reactions on the surface of Cu2O polyhedral single crystals with nanoscale spatial resolution.
Nano-IR data revealed signatures of this common catalyst after electrochemical reduction of
carbon dioxides (CO2). We discuss the utility of nano-IR methods for surface/facet
engineering of efficient electrochemical catalysts.
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Progress with improving electrocatalytic conversion effi-
ciency requires careful examination of factors impacting

the reactivity, selectivity, and lifetime of catalysts down to the
nanoscale.1−10 A few advanced approaches have been
developed to investigate these factors including in situ
microscopy and electrochemical techniques.11−13 However,
these methods are commonly complicated and destructive to
the catalyst itself. Conventional optical characterization tools,
i.e., IR, visible, and Raman spectroscopy, can provide critical
insight into the catalytic reactions without disrupting catalytic
processes, but their spatial resolution is limited to the 1−10
μm scales. Here we investigated nanocrystallites of cuprous
oxide (Cu2O) catalysts using nano-optical means. This nascent
experimental method enables a direct visualization of both
specimens’ morphologies and catalytic reactions on the surface
of particles within 25 nm spatial resolution.14,15

Electrochemical reduction of CO2 into valuable fuels and
chemicals has potential to be scaled up.16,17 Cheap and earth-
abundant Cu2O had been shown to be an excellent CO2
reduction catalyst in aqueous media by electrochemical,
photochemical, and photo-electrochemical methods.18,19 Ear-
lier studies revealed that the coexistence of Cu2O on the Cu
surface preferentially produced hydrocarbons during electro-
chemical reduction of CO2.

20 Recent studies demonstrated
that the mixed surface oxidation state of Cu2O nanocubes
might facilitate CO2 reduction in the gas phase via
heterogeneous photocatalytic hydrogenation.21 However, to
date, it is still unclear how the catalytic reaction happens in a
Cu2O catalyst at the nanoscale. For the first time, we employed
Cu2O polyhedral microcrystals to act as catalysts for
electrochemical reduction of CO2. In our experiments, we
systematically monitored Cu2O polyhedral microcrystals

before and after chemical reactions using both nano-IR
imaging and nano-IR spectroscopy methods. Our experimental
results, augmented with theoretical modeling, have uncovered
the factors governing catalysis dynamics of Cu2O polyhedral
microcatalysts and also validated IR nanoscopy as a unique
probe of catalysis.
We utilized scanning near-field nano-IR microscopy to

investigate the critical catalysis processes. This unique nano-IR
technique has been routinely utilized for detecting surface
polaritons in two-dimensional materials as well as for
visualizing inhomogeneities in complex oxides22,23 along with
many other applications in chemistry and biology.24,25 Figure
1a shows a schematic of our nano-optical setup where IR light
of frequency ω is focused onto the apex of a metallized tip. The
tip functions as an optical antenna that intensifies the incident
electric field at its apex and generates an evanescent field
beneath the tip, which penetrates tens of nanometers into the
Cu2O samples.26,27 The spatial resolution of a nanoimaging
apparatus is determined by the radius of curvature at the tip
apex (<25 nm) and is independent of the IR wavelength. In
our nano-IR studies, both pseudoheterodyne detection at the
third harmonics (nanoimaging) and an asymmetric Michelson
interferometer for Fourier transform infrared spectroscopy
(nano-FTIR) are interchangeable. The amplitude of the
backscattered signal s(ω) and its phase ϕ(ω) are recorded
using an interferometric detection,28,29 allowing the extraction
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of the response function of the catalyst microparticles such as
the complex dielectric function ε(ω), as will be detailed below.
We begin with nano-IR characterization of pristine Cu2O

microcrystals at ambient conditions. We found that as-grown
Cu2O microcrystals predominantly exhibit triangular platelet
geometry, with well-defined facets. Figure 1b show atomic
force microscope (AFM) topography of representative pristine
Cu2O single crystals on top of a PPC/SiO2/Si substrate
(Methods). In Figure 1c,d, we show representative nano-IR
imaging data collected at different IR frequencies. Here we plot
raster-scanned images of the normalized back scattering
amplitude signal s(ω) at two selected IR frequencies, ω =
928 and ω = 1030 cm−1, respectively. From these images, we
found that (i) Cu2O polyhedral microcrystals exhibited clear
near-field contrast compared with the substrate; (ii) little
variations of Cu2O near-field responses existed between 928
and 1030 cm−1, suggesting a featureless dielectric function of
Cu2O crystals within this frequency range.
We now present our key nanoimaging results for Cu2O

microcrystals before and after electrochemical reduction of
CO2 (Figure 2). In Figure 2a(i−iv), we show the raster-
scanned results for pristine Cu2O microcrystals on a
conductive glassy carbon substrate. The same Cu2O film on
a glassy carbon substrate was used as an electrode for
electrochemical reduction of CO2. The nanoimaging results
are shown in Figure 2a(v−viii). By comparing the results
acquired for the pristine specimens and samples after
electrochemical CO2 reduction, we have identified a number
of systematic trends: (i) after electrochemical reduction of
CO2 the reacted Cu2O microcrystals largely maintain their
triangular form as in the pristine state, other than the
appearance of chemical residues randomly distributed on the
sample surface; (ii) one of the most prominent differences is
that the near-IR signal due to the reacted Cu2O crystals is
enhanced compared to that of the pristine counterparts. For

quantitative analysis, we have examined more than 80 different
Cu2O microcrystals before and after catalytic reactions, and the
corresponding statistics are shown in Figure 2b,c. In Figure 2b,
we present the normalized near-field amplitude s(ω) for the
pristine Cu2O microcrystals using the common nano-IR signal
of the glassy carbon substrate as a reference; the averaged s(ω)
for the totality of samples we imaged is close to 0.5. Figure 2c
shows the results after catalysis reactions; in these latter data
the area-average signal s(ω) has increased above 1. This clear
difference between pristine and CO2-exposed Cu2O micro-
crystals attests to the profound chemical modifications that are
captured via our unique nano-optical probe.
To understand radical changes in nanoimaging results for

pristine and reacted microparticles after electrochemical
reduction of CO2, we performed nano-FTIR spectroscopic
studies, which allows us to evaluate the local permittivity and
resonances over a broad frequency range at the nanoscale. In
Figure 3, we show nanospectroscopy results for Cu2O
microcrystals before and after chemical reactions. To acquire
these images, we have intentionally chosen the frequency
region that contains the phonon resonance of Cu2O. In Figure
3a,b we present the raw data (solid red curve) of the
normalized near-field amplitude s(ω) and phase ϕ(ω) for
pristine Cu2O samples. A pronounced resonance centered at
∼640 cm−1 is evident in these data (solid red curves in Figure
3a,b). To verify the origin of this resonance, we analyzed the
near-field signal within the framework of the lighting rod
model. In this model, the near-field interaction between AFM
probe and Cu2O sample is evaluated numerically and
incorporates the AFM tip radius a and its geometry, tapping
amplitude, incident frequency ω, and the dielectric function
ε(ω) of the host material.26,27 In these calculations, the
experimentally obtained far-field dielectric function ε(ω) =

Figure 1. Topographic and nano-IR imaging of Cu2O microcrystals.
(a) Schematic of the IR nanoimaging experiment, showing the
metallic nanoprobe tip illuminated by an IR laser beam. Cu2O
microcrystals were exposed to CO2 (white and red) and released
H2(blue). (b) Atomic force microscope topography image of Cu2O
crystals. Inset shows the experimental line profile across one of the
Cu2O crystals. (c and d) Nano-IR amplitude s(ω) images of Cu2O at
two different IR frequencies.

Figure 2. Nano-IR imaging of Cu2O microcrystals before and after
electrochemical reactions. (a) Representative images of nano-IR
amplitude s(ω) collected for Cu2O microcrystals. Panels (i) to (iv)
show nanoimages of Cu2O before reaction, whereas panels (v) to
(viii) show the results after chemical reaction in KHCO3 solution (see
Supporting Information, p S1). In these experiments the incident IR
laser frequency was fixed at ω = 905 cm−1. (b, c) Statistics of the s(ω)
signal for Cu2O microcrystals in their pristine state (panel b) and after
chemical reactions (panel c). In (b) and (c), each data point
represents one image.
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ε1(ω) + iε2(ω) of Cu2O was used as input for modeling the
near-field signal.28 The calculated near-field spectra exhibited
excellent agreement with the experimental nano-FTIR data
(Figure 3a,b). This agreement attests that the strong phonon
resonance of Cu2O gives rise to the observed features.
In contrast, nearly featureless spectra are obtained for the

reaction-modified Cu2O microcrystals. In Figure 3c,d, we show
two sets of spectra obtained for different Cu2O samples. Other
than a slight variation of the near-field amplitude, the two data
sets share identical features across the examined frequencies.
We also performed nano-FTIR studies on pure copper foil,
which serves as the reference sample. To model these latter
data, we used the pure copper dielectric function ε(ω) (ε1(ω)
≪ 0; ε2(ω) ≫ 0) as the input parameter.30 As expected, the
calculated pure copper near-field signal matches well with the
experimental near-field data from the pure copper foil (Figure
3c,d). Specifically, the near-field amplitude s(ω) of pure copper
approaches unity, while the near-field phase ϕ(ω) remains
negligible. Our modeling shows that in order to capture the
experimental results for the chemically reacted Cu2O, it is not
sufficient to only increase the copper foil damping rate. In fact,
a reasonably good fit requires the input parameter ε1(ω) to
become positive in the frequency range of our measurements
(Figure 3c,d). We therefore conclude that the chemically
reacted Cu2O does not necessarily transform into the pure
copper, as commonly believed.31,32 It is likely that the
chemically exposed Cu2O catalyst reveals modified electronic
properties, including a strongly reduced energy gap that needs
to be explored in follow-up investigations.33−35 In short, we
have examined dozens of samples with different sizes, and our
results are consistent with each other. This difference is also
confirmed by our catalytic results displayed in the Supporting
Information (Figure S3). When Cu foil was employed as the

catalysts for the electrochemical reduction of CO2, the
hydrogen evolution reaction dominated the process where
hydrogen has the highest faradic efficiency. On the other hand,
when Cu2O polyhedral microcrystals acted as the catalysts, the
faradic efficiency of ethylene and ethanol increased 10 and 4
times over those of Cu foil, respectively. Another interesting
observation is the enhanced near-field contrast at sample
edges. After chemical reactions, it is found that the
corresponding near-field signal at the edge/corner is higher
than in the interior surface area of microcrystals (Figure 2).
This observation suggests that the chemical reactivity at the
crystal edges is higher than the sample surface, which agrees
with the interpretation of data in previous reports.36−38

Our experimental results, together with parameter-free
theoretical modeling, provided new insights into electro-
chemical reactions and catalyst reduction at the nanoscale.
These observations illustrate the merits of nano-IR imaging
and nano-IR spectroscopy for direct monitoring of complex
chemical processes on the surface of microcrystals. Looking to
the future, we envision real-time and real-space monitoring of
catalytic reactions and energy conversions39 at the nanoscale.
This can be readily accomplished by incorporating two-
dimensional membranes and further plasmonic enhancement40

as nano-optical compatible lids of reacting cells in vivo.41

■ METHODS

Sample Synthesis. The Cu2O nanoparticles were
fabricated via the aqueous sol−gel method (see Supporting
Information). The solution was prepared by dissolving the
calculated amount of CuCl2 (170 mg) and PVP40 (3.3 g) in
80 mL of deionized water. The compound was separated out
by filtration and washed with deionized water and ethanol
multiple times to remove unreacted chemicals.

Nano-IR Imaging. The infrared nanoimaging experiments
were performed using s-SNOM equipped with continuous-
wave mid-IR quantum cascade lasers (daylightsolutions.com).
The s-SNOM is based on AFM with a curvature radius ∼25
nm operating in the tapping mode with a tapping frequency
around 270 kHz. A pseudoheterodyne interferometric
detection module was implemented to extract both the
scattering amplitude s and the phase of the near-field signal.
In the current work, we discuss the amplitude of the signal. In
order to subtract the background signal, we demodulated the
near-field signal at the third harmonics of the tapping
frequency. All the infrared nanoimaging experiments were
performed in ambient conditions. We used quantum cascade
lasers with tunable frequency and a broad-band difference
frequency generation laser system.
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Figure 3. Fourier Transform infrared nanospectroscopy (nano-FTIR)
of Cu2O microcrystals before and after electrochemical reactions. (a,
b) Normalized near-field amplitude s(ω) and phase φ(ω) for a Cu2O
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obtained as explained in the main text. (c, d) Nano-FTIR spectra for
Cu2O after chemical reaction taken from the areas examined by the
AFM topography. The red and blue traces are the normalized near-
field spectra obtained for Cu2O microcrystals, whereas the black
curves correspond to near-field signal from pure copper foil. The
dashed traces are the modeling results for pure copper and heavily
disordered copper, respectively.
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1. Synthesis of Cu2O polyhedral microcrystals 

 

To synthesis Cu2O polyhedral microcrystals, 170 mg of copper (II) chloride dihydrate (CuCl2 • 

2H2O) was dissolved in 80 ml de-ionized water, followed by an addition of 3.3 g PVP40 and 

stirring thoroughly until PVP40 had been dissolved completely. 10 ml of 2 M NaOH aqueous 

solution was added dropwise into the above solution. After 30 min of stirring, 10 ml of 0.6 M 

Vitamin C was applied dropwise into the mixture solution and the reaction was continued for 3 h 

at 90 °C. During this procedure, the color of the solution changed into light blue, dark blue and 

eventually turbid red.  All of these processes were carried out under constant stirring and at a fixed 

flask temperature of 90 °C. The resulting precipitate was collected by centrifugation and washed 

with de-ionized water and ethanol multiple times to remove unreacted chemicals. Finally, it was 

dried at 70 oC in a vacuum oven overnight. 
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2. Characterization of Cu2O polyhedral microcrystals 

 

The surface morphologies of Cu2O polyhedral microcrystals were investigated by scanning 

electron microscope (SEM) from FEI (QUANTA FEG 650) (SFig. 1). A Bruker D8 Advance X-

ray diffractometer with Cu Kα radiation operated at a tube voltage of 30 kV and a current of 40 

mA was used to obtain X-ray diffraction (XRD) patterns. Gas chromatograph (GC 17A, 

SHIMADZU) was employed to analyze the concentration of the gas products. The separated gas 

products were analyzed by a thermal conductivity detector (for H2) and a flame ionization detector 

(for CO, CH4, and C2H4). Liquid products (formic acid, and ethanol) were analyzed by high 

performance liquid chromatograph (HPLC) with Dionex UltiMate 3000 (UHPLC+, Thermo 

Scientific).  

 
Figure S1 a) Scanning electron microscope image and b) XRD of Cu2O polyhedral microcrystals. 

 

3. Electrochemical measurements 

 

Electrochemical CO2 reduction experiments were conducted using a potentiostat (VersaSTAT 

MC) in a two compartment electrochemical cell separated by an anion-exchange membrane 

(Selemion AMV).1 A platinum plate counter electrode and a leak-free Ag/AgCl reference electrode 

(Innovative Instruments, diameter: 1.0 mm) were used in a three electrode configuration. Working 

electrodes were prepared by drop-casting 500 µg of Cu2O polyhedral microcrystals (Cu2O 
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polyhedral microcrystals were dispersed in DI water) onto a glassy carbon electrode (Alfa Aesar: 

diameter of 1.0 cm) and drying under argon at room temperature. The working electrode and the 

counter electrode compartment hold 2.0 mL of electrolyte each. The working compartment was 

sealed in order to measurement the gas products. All potentials in this work are converted to the 

RHE scale by the following formula: E (vs RHE) = E(vs Ag/AgCl) + 0.205 V + 0.0591 × pH. A 

0.1 M KHCO3 electrolyte was prepared from K2CO3 saturated with CO2 (pH 7.5).  

During electrochemical reactions, CO2 flowed through the working compartment at a rate of 5 

sccm. Effluent gas from the cell went through the sampling loop of the GC to analyze the 

concentration of gas products. Quantification of the gas products was performed with the 

conversion factor derived from standard calibration gases. Liquid products were analyzed 

afterward by HPLC. The concentrations were calculated based on the calibration curves which we 

developed for each individual component. Faradaic efficiencies were calculated from the amount 

of charge passed to produce each product, divided by the total charge passed at a specific time or 

during the overall run (SFig. 2). 

SFigure 2 shows the current vs. time profile of a representative electrolysis experiment at -1.05 V 

vs. RHE. The average current density of Cu2O polyhedral microcatalysts remain at 2.52 mA/cm2 

across the 2.5 hour-long testing.  SFigure 3 summarizes the results of electrochemical studies of Cu 

foil and Cu2O polyhedral microcatalysts at -1.05 V vs. RHE. Compared to Cu foil, Cu2O polyhedral 

microcatalysts have shifted the reaction more to CO2 reduction instead of H2 generation. In addition, 

the faradic efficiency (FE) of C2H4 can reach 19.8% when Cu2O is employed as the catalysts. Cu2O 

catalyst is also more selective to formic acid and ethanol productions, and their FE can reach 7.5% 

and 8.6%, respectively. 
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Figure S2 Chronoamperometry curve of CO2 reduction reaction on Cu2O polyhedral 
microcatalysts in 0.1 M KHCO3 electrolyte at a potential of -1.05 V vs. RHE. 

 

                                

Figure S3 Electrocatalytic activity of Cu foil and Cu2O polyhedral microcatalysts for 
electrochemical reduction of CO2 at -1.05 V vs RHE. 

   

4. Nano-IR measurements 

One interesting effect that we observed is that the edges are brighter than the center of the particles 

after electrochemical reaction (Fig. 2 of the main text). To better visualize the edge-interior 

difference, we examined the near-field signal at edges of the samples and compared these data 

with the images acquired in the interior of the crystal, as shown in Figure S4. Clearly, the signal 

at the edge is much higher than the interior of the crystals. By analyzing massive amount of 

specimens with different illuminated edges, we rule out topographic edge/artifacts as the primary 

source of this contrast. 
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Moreover, we obtained nano-IR spectra close to the edges (Figure S5). These data clearly show 

that close the sample edge, the near-field signal are indistinguishable from that of pure copper 

(Figure S5). This latter finding indicates that edges are indeed more reactive and can be readily 

transformed into metallic copper via electrochemical reactions. Contrary to these observations, the 

interior of the crystal remains insulating with a finite energy gap as discussed in the main text. In 

short, our observations clearly reveal the spatially-resolved nano-catalysis at the nanoscales.  

 

 

Figure S4. Line-profile of the extracted near-field signal of Cu2O microcrystals after electrochemical reactions. 
one can clearly visualize the spatial change along the particle surfaces from edge to the interior of the crystal. 

 

Figure S5. Fourier Transform infrared nano-spectroscopy (nano-FTIR) of Cu2O microcrystals after 

electrochemical reactions. The black trace is the normalized near-field spectrum obtained for pure copper.  Red 

and blue traces are the normalized near-field spectra obtained at the edge and the center of the Cu2O microcrystals, 

respectively. In our studies, we had examined the AFM topography images carefully to identify the flat & clean 
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areas for subsequent nano-spectoscopy investigations. 
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