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Abstract: SnO; nanoparticles have frequently been reported as effective electrocatalysts for CO;
electroreduction to formate. However, in the literature, there is little knowledge of SnO, nanoparticles
that guarantee superior electrocatalytic performance. Hence, in this study, several SnO, nanoparticles
are compared with respect to their material properties, and correlations to the electrocatalytic per-
formance are established. For comparison, three custom-made SnO;-electrocatalysts were prepared,
reproducing frequently cited procedures in literature. Based on the comparison, it is found that
hydrothermal, sol-gel, and solid-state synthesis provide quite different electrocatalysts, particularly
in terms of the particle size and crystal lattice defect structure. Desirably small nanoparticles with a
comparatively high number of lattice defects are found for the nanoparticles prepared by hydrother-
mal synthesis, which also provide the best electrocatalytic performance in terms of Faradaic efficiency
for the electroreduction of CO; to formate. However, despite the considerably smaller surface area,
the commercial reference also provides significant electrocatalytic performance, e.g., in terms of the
overall produced amount of formate, which suggests a surprisingly high surface area-specific activity
for this material that is low on defects. Thus, defects do not appear to be the preferred reaction site
for the CO; electroreduction to formate on SnO; in this case.

Keywords: CO, electroreduction; SnO, nanoparticles; electrocatalyst; formate; rotating disc electrode (RDE)

1. Introduction

Power-to-X technologies are an effective means of tackling the transition of the global
energy system towards a fossil-free energy scenario. With ‘X’ representing a variable for
heat, energy carriers, or even metals and base chemicals, power-to-X subsumes all tech-
nologies, which are capable of converting excess (renewable) electricity into other resources
that are required by other sectors or stored and reconverted easily. Furthermore, by using
carbon dioxide (CO,) from exhaust gas streams as an educt, power-to-X technologies may
contribute to the reduction of CO; emissions, closing the inherently open carbon cycle by
the production of base chemicals such as formate (X = formate, HCOO™) [1-6].

Stannic oxide (tin dioxide, SnO,) is a versatile semiconducting material with various
applications in modern devices such as gas sensors [7], batteries [8], and other fields [9].
Moreover, SnO; is also an effective electrocatalyst for the electrocatalytic reduction reac-
tion of CO, (CO,ERR) to formate [10-18]. Given the vast number of applications, the
preparation of SnO, is subject to many research papers. One line of development is the
synthesis of novel material morphologies ranging from thin films [19] and catalytically
active nanosheets [20] to nanoparticles [21-29]. Among these forms, nanoparticles offer
the unique property of a large surface area combined with excellent integrability into the
active layer of gas diffusion electrodes (GDEs), making SnO, nanoparticles well-suited for
applications in high-performance CO; electrolyzers [10]. Recent studies have shown that
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SnO, nanoparticles may catalyze the CO,ERR to formate starting at an electrode potential
of —0.55 V vs. the reversible hydrogen electrode (RHE) [16,30] and may be operated at cur-
rent densities of up to 500 mA-cm 2, if applied to GDEs, while still yielding high Faradaic
efficiencies (FEs) of 90% [10].

The main product for the CO,ERR using SnO; as an electrocatalyst is formate [10-18],
while Sn itself is also a suitable element for the CO,ERR to formate [31,32]. Side products
for the CO,ERR on SnO, are CO and H; [10-18], with the latter being the result of the
hydrogen evolution reaction (HER). However, the HER and CO evolution on SnO, may
not be significant in comparison to the CO,ERR to formate in case the electrocatalyst and
the process conditions were thoroughly chosen. In fact, the FE for the CO,ERR to formate
may be as high as 98% using SnO,-ZnO composite electrocatalysts [11] or 92% using SnO,
on porous carbon [30].

Given the prominence of SnO,, plenty of nanoparticle synthesis procedures have
been reported in the literature. To provide a rough overview, the synthesis procedures
may be classified according to their approach, e.g., hydrothermal, solid-state, or sol-gel
methods [21-29]. However, although recent literature provides valuable information
regarding potential preparation procedures, a systematic correlation with electrocatalytic
properties has not been established. Therefore, the purpose of the present investigation is
to directly compare different SnO;, nanoparticles and to report on the correlation of their
physico-chemical properties and the electrocatalytic activity for the CO,ERR to formate.
The study focuses on three custom-made electrocatalysts in comparison to a commercial
material, reproducing frequently cited procedures in the literature and extending their scope
by an application of the nanoparticles for CO,ERR. The individual materials are prepared
by a hydrothermal [21], a solid-state [24], and a sol-gel [27] procedure. Considering these,
this study particularly involves the utilization of the rotating-disk electrode (RDE), which is
frequently applied to hydrogen and oxygen electrocatalysis research [33,34] but has rarely
been applied to CO,ERR. The RDE experiment foremost allowed for a direct view of the
electrocatalytic activity of the investigated materials, given the absence of catalyst support
structures such as active carbon layers or carbon fibers, which are typical components of
GDEs in full-cell setups [18,35]. Furthermore, the RDE experiment provided the best control
over the local environment of the electrocatalyst, ensuring optimal comparability of the
experimental results. With this, the present study provides an exemplary investigation of
important material properties and allows for an objective choice of the SnO, electrocatalyst
used for the CO,ERR to formate.

2. Results
2.1. Physico-Chemical Characterization of the SnO, Nanoparticles

Figure 1 depicts a photograph of the investigated SnO, electrocatalysts, which exhibit
clear differences in color. While SnO, nanoparticles typically show a plain white color such
as the commercial SnO, (SnO; (Commercial)) and the SnO, prepared by hydrothermal
synthesis (SnO, (Hydrothermal)), the other two materials prepared by solid-state and
sol-gel synthesis (SnO, (Solid-State) and SnO; (Sol-Gel)) present a gray or light-gray color,
respectively, suggesting oxygen deficiency [36].

The XRD patterns in Figure 1 show that the custom syntheses of SnO; (Hydrothermal),
5SnO, (Solid-State), and SnO; (Sol-Gel) provided phase-pure SnO; as identified by the
Inorganic Crystal Structure Database (Cassiterite, ICSD: 154960). For SnO, nanoparticles,
the XRD reflexes are allocated as follows: 26.62° (110), 33.92° (101), 38.00° (200), 39.04°
(111), 42.68° (210), 51.84° (211), 54.82° (220), 57.92° (002), 61.94° (310), 64.84° (112), 66.04°
(301), 71.38° (202), and 78.80° (321) [37]. All reflexes of the reference are retrieved in the
sample patterns. A major difference between the individual patterns is the peak width.
While SnO, (Hydrothermal) exhibits very broad reflexes, the other patterns show sharper
reflexes, indicating a comparatively low crystallite size for SnO, (Hydrothermal).
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Figure 1. Investigated SnO, nanoparticles. Top: Photograph of the individual samples as prepared.
Bottom: Corresponding XRD patterns (Reference: Pattern of Cassiterite from the Inorganic Crystal
Structure Database (ICSD: 154960) [37].

Particle Size Analysis

Using the BET method, specific surface areas of the investigated electrocatalysts
were determined based on the adsorption branch of Nj-sorption isotherms recorded at
77 K (Figure 52). The specific surface areas resulting from the BET analysis are shown
in Table 1 together with the corresponding particle sizes determined according to geo-
metrical considerations (Equation (52)). Furthermore, Table 1 shows the crystallite sizes
calculated based on the XRD results in Figure 1 (Equation (53)) and the particle sizes as
determined by HRTEM. From the BET analysis, it can be concluded that the surface area
of the electrocatalysts differs significantly. While SnO, (Hydrothermal) shows a specific
surface area as high as 177.4 m2-g~!, SnO, (Solid-State) exhibits only 7.5 m?-g~!. Similarly,
SnO, (Sol-Gel) and SnO, (Commercial) also exhibit low BET surface areas of 11.7 m2~g_1
and 24.8 m?-g~!, respectively. Consequently, the estimated size of presumably spherical
particles is the smallest for SnO, (Hydrothermal) (d = 4.9 nm) and the largest for SnO,
(Solid-State) (d = 115.1 nm), while SnO; (Sol-Gel) and SnO, (Commercial) would feature
medium particle sizes of 73.6 nm and 34.8 nm, respectively.

The observation of different crystallite and particle sizes based on the XRD and BET
results, respectively, is generally supported by the SEM images shown in Figure 2. Figure 2a
depicts SnO, (Commercial) and shows irregular-shaped nanoparticles in a broad size range
from approximately 10 nm to 80 nm. Figure 2b shows SnO, (Hydrothermal). For this
material, individual particles cannot be distinguished, which suggests small-sized particles
in the range of a few nanometers, while the bright structure in the middle of the SEM
image displays a particle agglomerate. Figure 2c shows that SnO; (Solid-State) consists
of nanoparticles with a similar particle shape to SnO, (Commercial), but a larger size of
the smallest particles and a narrower size distribution in a range from 30 nm to 60 nm.
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Moreover, Figure 2d depicts SnO, (Sol-Gel), which consists of quite homogeneous, but also
agglomerated, nanoparticles in a comparatively narrow size range from approximately
20 nm to 40 nm.

Table 1. Comparison of the SnO, nanoparticle sizes estimated by BET, XRD, and TEM using a reverse
calculation based on the BET surface area (assuming spherical particles), Scherrer’s equation based
on the XRD data, and TEM image analysis, respectively.

BET-Surface BET-Particle XRD-Crystallite TEM-Particle
Sample Area Size Size Size
[m2.g—1] [nm] [nm] [nm]
SnO, . 24.8 348 304 10-100
(Commercial)
SnOz
(Hydrothermal) 1774 49 31 =
SnO; (Sol-Gel) 11.7 73.6 11.2 >10
Sn0; 7.5 115.1 26.6 10-20

(Solid-State)

SnO, (Hydrothermal)J

B q

1)

Figure 2. SEM images of the investigated SnO; nanoparticles. (a) SnO, (Commercial); (b) SnO,
(Hydrothermal); (c) SnO; (Solid-State); (d) SnO; (Sol-Gel).

Comparing the BET data with the SEM images, the estimated particle sizes partially
match the visual impression of the investigated electrocatalysts. As described above, SnO,
(Commercial) and SnO, (Hydrothermal) consist of nanoparticles in the range of 10 nm
to 80 nm and a few nanometers, respectively. However, the visual impression of SnO,
(Solid-State) and SnO; (Sol-Gel) differs from the BET results. In both cases, it appears that
the BET method mostly evaluated compact agglomerates rather than individual particles,
since the individual particles appear to be much smaller than the estimated values based
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on BET. Furthermore, considering the XRD analysis by Scherrer’s equation, it appears that
the particles seen in the SEM images are not necessarily single crystalline. In the cases of
5SnO, (Commercial) and SnO, (Hydrothermal), the visual impressions match the crystallite
sizes of the XRD analysis. However, particularly in the case of SnO; (Sol-Gel), the particles
in Figure 2d appear to be larger than 11.2 nm.

To resolve the partially undecided particle size relations, TEM analyses were carried
out. The corresponding high-resolution images are shown in Figure 3. Furthermore,
Figure 4 depicts TEM-EDX maps of SnO, (Commercial) and SnO; (Hydrothermal), while
Figures S3 and 5S4 display low-resolution TEM images and the corresponding Selected
Area Electron Diffraction (SAED) patterns for the investigated samples. The TEM images
in Figure 3 and Figure S3 show that SnO, (Commercial) consists of small polyhedral
nanoparticles with a size of approximately 10 nm (Figure 3a) and large particles of up to
100 nm (Figure S3a). Moreover, the SAED image in Figure S4a confirms the crystalline
nature of the SnO; particles. With this, the observations made by TEM are in very good
agreement with the results of the other analysis methods and are also consistent with the
particle sizes reported by the manufacturer (<100 nm). Furthermore, in the TEM-EDX
maps in Figure 4(top row), it can be observed that the material distribution of tin and
oxygen is largely homogeneous across the particles, suggesting consistent electrocatalytic
properties despite the comparatively broad distribution of particle sizes.

I ST R A S v‘vl‘

Figure 3. TEM images of the investigated SnO; nanoparticles at high magnification. (See Figure S3
for images at lower magnification). (a) SnO, (Commercial); (b) SnO, (Hydrothermal); (c) SnO,
(Solid-State); (d) SnO, (Sol-Gel).
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Figure 4. EDX maps of commercial (top row) and hydrothermal (bottom row) SnO, nanoparticles.

Figure 3b displays SnO, (Hydrothermal). For this material, the nanoparticles are
considerably smaller than those of SnO, (Commercial) and exhibit a narrow size distri-
bution in the range of 5 nm (Figure S3b). Furthermore, in the SAED image (Figure 54b),
ring-like diffraction patterns can clearly be observed, suggesting a nanocrystalline nature
of the particles. Again, this result is in good agreement with the findings of XRD and BET
analysis reported in Table 1, which provides an average particle size of 4.9 nm (BET) and a
crystallite size of 3.1 nm (XRD). Moreover, the TEM-EDX maps in Figure 4(bottom row)
display that tin and oxygen show a uniform distribution across the particles, suggesting
extensive homogeneity of the custom-made electrocatalyst.

Considering the TEM images of SnO, (Solid-State) in Figures 3¢ and S3c in comparison
with the SEM image in Figure 2c, the SEM image shows individual irregular-shaped
nanoparticles with a size >10 nm as seen by HRTEM. Furthermore, the distinct SAED
pattern (Figure S4c) identifies the crystalline nature of the sample, which agrees with the
BET and XRD results. However, in the BET analysis, particle agglomerates have been
evaluated, providing a surface area of 7.5 m?-g~! only, while the XRD analysis determines
the crystallite size to be 26.6 nm. The latter particularly matches the HRTEM image in
Figure 3¢, which shows single crystalline particles of a similar size.

Figures 3d and S3d show SnO; (Sol-Gel) that consists of uniform nanoparticles in a
size range from 10 to 20 nm, which is in very good agreement with the XRD analysis. For
the latter, a crystallite size of 11.2 nm was determined, while SAED (Figure S4d) confirms
the crystallinity of the nanoparticles. The BET analysis provides 73.6 nm for particle
agglomerates. However, polycrystalline particles suspected based on the comparison of
the XRD analysis and the SEM images could not be retrieved by HRTEM.

To conclude this section, it can be said that the investigated SnO, nanoparticles, which
were prepared according to different preparation methods, are largely comparable in terms
of their general crystal structure, allowing for a just comparison of the electrochemical
activity. The major difference between the individual electrocatalysts is the particle size and
particle size distribution, which range from comparatively small sizes with a narrow distri-
bution (SnO, (Hydrothermal)) to medium sizes with a comparatively broad distribution
(SnO, (Commercial)).

2.2. Detailed Raman Analysis of the SnO, Nanoparticles

Raman spectroscopy was performed, focusing on a spectral range from 250 cm ™! to
850 cm !, which is a fingerprint region for SnO, [38,39]. The complete and deconvoluted
spectra can be found in Figures S5 and S6. The results of the corresponding investigation
are shown in Figure 5 and Table 2. Line (a) in Figure 5 displays the spectrum of SnO,
(Commercial) that features two distinct bands at 631 cm~! and 776 cm ™!, as well as a broad

response from 400 cm ! to 750 cm ! with several minor bands, e.g., at475 em 1,543 em ™},
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and 690 cm 1. Following the band allocation in the literature [39], the bands at 475 cm 1,
631 cm™1, and 776 cm~! can be assigned to the classical Eg, Alg, and Bzg—Raman modes of
SnO,, with the Ajg-band being the most intense response by far. Furthermore, the broad
response from 400 cm ! to 750 cm ™! is typically allocated to disordered SnO,. The broad
response has been assigned to two disorder-activated bands, S1 and S2, at 568 cm~! and
486 cm ™!, respectively. In addition, a third band named S3 at approximately 706 cm !
has been reported by the same authors, which is met by SnO; (Commercial) with its band
at 690 cm~!, while S1 and S2 can be allocated to the broad response from 400 cm~! to
750 cm ! and the minor band at 543 cm ™1 [39].

-Sn0, (Hydrothermal)
Sn0O, (Commercial)
SnO, (Sol-Gel)

SnO, (Solid-State)

Eg Alg  Byg

S1

S3
2

+ # p

Avr. Normalized Intensity a.u.

250 400 550 700 850
Raman Shift / [cm™]

Figure 5. Averaged Raman spectra of the investigated SnO, nanoparticles including peak assignment
according to Dieguez et al. [39]. Full spectra can be found in Figure S5. A summary of the spectra in
this figure can be found in Table 2. Symbols +, # and * label low frequency peaks.

Similar to the Raman spectrum of SnO, (Commercial), the spectra of the custom-made
electrocatalysts can also be resolved and explained (Figure 5, lines (b)—(d)). Table 2 provides
an overview of the band allocation in the high-frequency region from 450 cm ! to 850 cm 1.
Summarizing the results, it is clear that the classical Raman modes of SnO; (Eg, A1g, and Byg)
appear in comparatively narrow ranges from 475 cm~! to 481 cm ™!, 628 cm ! to 631 cm ™!,
and 767 cm ™! to 776 cm ™!, in accordance with the literature (480 cm ™!, 634 cm~!, and
776 cm~1) [39]. Furthermore, the custom-made samples also exhibit disorder-activated
Raman bands. All of them can be attributed to the previously reported bands S1-53
but feature different intensities. Comparing the intensity of S1 + S2 with the individual
intensity of Alg for each sample, SnO, (Commercial) features the lowest intensity of
51 + S2, which corresponds well with the broad distribution of the particle size observed
by SEM. In fact, it has been proposed that bands S1 and S2 originate from surface-induced
crystal lattice disorder and the presence of oxygen vacancies, which are most significant
for small nanoparticles (<10 nm) and less significant for larger nanoparticles (>20 nm) [39].
Accordingly, the intensity of S1 + 52 should be the lowest for SnO, (Commercial) and the
highest for SnO, (Hydrothermal), which is clearly the case. For SnO, (Hydrothermal),
the sum of S1 and S2 is several times higher than the band for A;;. However, despite
the potentially high number of defects given the large surface area, the color of SnO,
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(Hydrothermal) is still plain white. Thus, it appears that the presence of crystal lattice
disorder and oxygen vacancies is not necessarily correlated with the observation of color,
or that the origin of color for SnO, nanopowders is not or not only related to disorder in
the outer surface of the nanoparticles.

Table 2. Peak positions for the Raman spectra shown in Figure 5. Data in the “high-frequency”
regime are provided based on peak deconvolution as depicted in Figure S6. Symbols +, # and * label
low frequency peaks in Figure 5.

High Frequency (450-850 cm—1) Low Frequency (250-450 cm~1)
Sample Eg S2 S1 Aqg S3 Bag + # *
Dieguez et al. [39] 480 486 568 634 706 776 - - -
SnO; (Hydrothermal) 485 533 571 629 689 769 300 349 431
SnO; (Commercial) 475 543 565 631 690 776 299 344 433
SnO; (Sol-Gel) 481 552 592 629 659 767 295 345 415
SnO; (Solid-State) 480 549 589 628 671 767 - 345 -

In contrast to SnO; (Commercial) and SnO, (Hydrothermal), SnO, (Solid-State) and
SnO; (Sol-Gel) do exhibit coloration (Figure 1). At the same time, the Raman spectra
for the latter two samples show an S1 + S2 vs. Ajg ratio, which is very similar to each
other and somewhat in the middle between the corresponding intensity ratios for SnO,
(Commercial) and SnO, (Hydrothermal). Reversely following the proposed particle size—
disorder correlation [39], the similarity of the S1 + 52 vs. Aj4 ratio for SnO; (Solid-State) and
5n0O; (Sol-Gel) suggests similar particle sizes for both samples, which is true, considering
the images in Figures 2 and 3. Thus, a reverse determination of the particle size based on
Raman spectra appears feasible, while the occurrence of color is consistent with the overall
appearance of the Raman spectra.

Beyond the high-frequency regime, the second half of Table 2 reports distinct Raman
bands in a low-frequency region from 250 cm ! to 450 cm ™. In this region, most of the
investigated samples show minor additional bands at 300 cm ™!, at approximately 345 cm ™!
and at approximately 430 cm~!. SnO, (Hydrothermal), for example, exhibits all three bands
at300 cm 1, 349 em 1, and 431 cm !, which have not been reported by the same reference
in the literature as disorder-induced bands S1-53 due to a difference in the investigated
spectral range. According to other literature, the additional bands at 300 cm ! and 349 cm ™!
can potentially be explained by a spectral contribution of the transversal optical (TO) E,
mode (vy) [40] and the longitudinal optical (LO) E, mode [41], which are typically Raman
inactive, but might still be active due to the small size of the investigated particles [39]
and/or the presence of oxygen vacancies in the SnO, structure [41]. Furthermore, the band
at 431 cm ! has been assigned to the classical Eg-mode of SnO; [41], which could also
be a suitable explanation for the present spectra but contradicts both the previous band
assignment and general observations for SnO; [39,40]. However, given the actual lack
of alternative explanations, the band assignment for the peak at 431 cm ™! might still be
correct [41], since the spectra in the particular reference do not show any sign of additional
bands in the typical Eg-band region at approximately 480 cm~!. This could either be due to
a shift of the Eg-band to lower wavenumbers caused by the small particle size or due to the
relative weakness of the Eg-band as compared to the disorder-induced bands S1 and S2.

2.3. Electrochemical Characterization of the SnO, Nanoparticles

SnO; facilitates the CO,ERR to formate according to Equation (1) [16,30]. The un-
derlying reaction mechanism is currently thought of as a two-step reaction during which
adsorbed CO; is hydrogenated through a proton-coupled electron transfer, which yields
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OCHO* as an adsorbed intermediate [42]. Afterwards, a single electron transfer occurs,
and formate is eventually released from the surface as the reaction product:

CO, + HO +2¢e~ — HCOO™ + OH™ D)

2.3.1. Linear Sweep Voltammetry (LSV)

Analyzing this reaction, the investigated SnO, nanoparticles were dispersed, deposited
onto a glassy carbon substrate, and analyzed in a rotating-disc electrode (RDE) setup using
CO, saturated 0.1 M KHCO3 as an electrolyte at ambient conditions. 0.1 M KHCO3; was
chosen given the advantageous reaction conditions for the electroreduction of CO; to
formate on tin [43]. As a result, Figure 6 shows cathodic potential sweep scans from —0.15
to —1.40 Vryg before and after three hours of continuous CO; electroreduction, which were
recorded in a three-electrode half-cell setup, which is schematically depicted in Figure S1.
For the initial scans, each of the four electrocatalysts exhibits electrocatalytic activity starting
at a cathode potential of approximately —0.6 Vryg, which is primarily attributed to the
CO,ERR to formate. Possible minor side products are CO and Hj, which were released
from the cell setup undetected due to technical reasons. Moreover, while the current density
monotonously decreases from 0 to —16.1 mA-cm~2 for SnO, (Commercial), the other three
electrocatalysts exhibit non-continuous behavior and lower maximum cathodic current
densities upon decreasing electrode potential. In fact, SnO, (Hydrothermal) and SnO,
(Sol-Gel) both exhibit a local cathodic current density maximum at —0.85 Vryg, which was
consistently observed in several independent measurements (Figure S7) and ascribed to
a reduction of the SnO, nanoparticles [44,45]. Moreover, SnO; (Solid-State) also shows
a shoulder in the evolution of the potential sweep curves, suggesting a reduction of this
electrocatalyst as well. In any case, the cathodic current densities for all four samples are
always considerably higher than the current densities in the reference experiments for bare
glassy carbon and Nafion-coated glassy carbon, confirming the effect of the electrocatalysts
(Figure S7j-k).

°] a)

'
o
L

D

-

o
1

Sn0, (Commercial)

Sn0, (Commercial)

Current Density j / [nA cm™?]
Current Density j / [nA cm™?]

-15 — - =8n0, (Hydrothermal) -15 1 — - —8n0, (Hydrothermal)
— — Sn0, (Sol-Gel) — = Sn0, (Sol-Gel)
--------- Sn0, (Solid-State) - SN0, (Solid-State)
-20 T T T T -20 T T T T
-1.40 -1.15 -0.90 -0.65 -0.40 -0.15 -1.40 -1.15 -0.90 -0.65 -0.40 -0.15

Electrode Potential E / [Vgye] Electrode Potential E / [Vl

Figure 6. LSV scans for the investigated SnO, nanoparticles. (a) LSV scans before and (b) after three
hours of CO, electroreduction at —1.4 Vgyyg. CO;-saturated and continuously purged 0.1 M KHCO3
at ambient conditions. Connected data points to guide the eye. See Figures S7 and S8 for complete
data including scans to other electrode potentials in a range from —0.6 to —1.4 Vryg and reference
experiments for bare glassy carbon and Nafion on glassy carbon.

Figure 6b depicts the result for the cathodic potential sweeps from —0.15 to —1.40 VRryg
after the CO; electroreduction experiment. In comparison to Figure 6a, it can easily be
observed that the accessible current densities are mostly lower, which will be discussed
below. Before that, it shall be reported that none of the samples show the local cathodic
current density maximum anymore. Thus, the corresponding reaction is irreversible and
was completed either during the initial potential sweep or the subsequent CO, electrore-
duction. To emphasize the difference between the initial and concluding scans, Figure S8
shows a direct comparison between the two scans for each of the four electrocatalysts. In
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the direct comparison, it can be observed that SnO, (Solid-State) shows the most significant
drop in cathodic current density from —11.1 mA-cm~2 to —4.7 mA-cm~2 at —1.4 Vgyg. In
contrast to this, the changes in current density for SnO; (Sol-Gel) and SnO, (Hydrother-
mal) are comparatively low, if any. For SnO, (Sol-Gel), the current density at —1.4 Vryg
remains essentially the same, while the current density decreases by 2.2 mA-cm~2 for SnO,
(Hydrothermal). Thus, at least for the latter two electrocatalysts, the observed reduction
at —0.85 Vryg has no major influence on the electrochemical performance in terms of
the maximum cathodic current density at —1.4 Vryg. Furthermore, SnO; (Commercial)
exhibits a medium decrease in the current density of 4.8 mA-cm~2. However, regardless
of the more intense decrease in current density as compared to SnO, (Hydrothermal),
5SnO, (Commercial) still shows the highest cathodic current density of all four investigated
samples, although SnO, (Hydrothermal) features the largest specific surface area due to
the smallest particle size by far.

Discussing the cathodic potential sweeps in greater detail, Table 3 provides a com-
parison of the onset potentials of the electrochemical reactions taking place on the RDE
electrode. In Table 3, it can be seen that the onset potentials before the CO; electroreduction
are very similar for all materials considering a threshold of —1 mA-cm~2 [45]. For this
threshold, the onset potentials range from —0.634 Vryg for SnO, (Sol-Gel) to —0.661 VrRyg
for SnO; (Solid-State). However, since the custom-made electrocatalysts exhibit signs of
irreversible reduction upon the initial potential sweep, the determined onset potentials are
not necessarily related to the CO,ERR alone. The latter is supported by the wider spread
of the onset potentials considering a threshold of —0.1 mA-cm 2 (—0.386 Vgyg for SnO,
(Hydrothermal) to —0.500 Vgryg for SnO; (Solid-State)). The wider spread suggests that the
reduction reaction(s) result from different starting conditions, e.g., differences in the exact
nature of the catalyst material (especially determined by minor species other than SnO5),
the concentration of the corresponding species, the surface area, etc.

Table 3. Onset potential for the electrochemical reactions during the linear potential sweeps before
and after 3 h of CO, electroreduction. Asterisks (*) indicate onset potentials that potentially result
from SnO; reduction rather than CO, electroreduction.

Sample Beioe " N betore A
SnO, (Commercial) —0.451 —0.451 —0.653 —0.747
SnO, (Hydrothermal) —0.386 * —0.677 —0.654 * —0.877
SnO; (Sol-Gel) —0.446 * —0.676 —0.634* —0.938
SnO; (Solid-State) —0.500 * —0.450 —0.661 * —0.825

Furthermore, looking at the onset potentials after the electroreduction, it becomes
clear that the conditions for the electrochemical reactions changed. On the one hand, it
must be acknowledged that formate accumulated in the electrolyte, which has an influence
on the ongoing reactions as discussed in context with Figure 7d. On the other hand, given
the missing local cathodic current density maximum, it can be assumed that the individual
electrocatalysts reached a steady state in terms of their oxidation state. Thus, it can be
assumed that the onset potentials shown in Table 3 result from electrocatalytic reactions on
the material. After the CO; electroreduction, SnO, (Commercial) shows the lowest onset
potential of —0.747 Vryg, while SnO, (Sol-Gel) shows the highest onset potential of —0.938
Vrye, both at —1 mA-cm 2. Considering a threshold of —0.1 mA-cm~2, the differences
in the onset potentials between the most and the least active electrocatalysts are similar
compared to the results for —1.0 mA-cm~2 (~220 mV) but do not follow the same trend
relative to each other.
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Figure 7. Performance analysis for SnO, (Hydrothermal). (a) Applied current density (current
normalized by RDE area, A = 0.196 cm?), (b) Total amount of formate produced by CO; electroreduc-
tion, (c) Faradaic efficiency for the CO,ERR to formate (Interval averages: 0-0.25 h, 0.25-1 h, 1-2 h,
and 2-3 h), (d) Production rate of formate (Interval averages: 0-0.25 h, 0.25-1 h, 1-2 h, and 2-3 h).
CO,-saturated and continuously purged 0.1 M KHCO3 at ambient conditions. Connected data points
to guide the eye. See Figures S9-512 for equivalent analyzes of the other SnO, samples as well as

reference measurements.

2.3.2. Continuous CO, Electroreduction at Constant Potential

Analyzing the electrocatalytic performance upon continuous CO; electroreduction,
Figure 7 depicts the resulting current density, the amount of formate produced, the average
Faradaic efficiency (FE), and the average yield rate of formate for SnO, (Hydrothermal)
for every measurement interval during three hours of continuous CO; electroreduction at
various constant electrode potentials. Moreover, Figures S9-512 show equivalent results
for the other three nanomaterials, as well as the results of reference experiments for bare
glassy carbon and Nafion-coated glassy carbon.

Focusing on SnO, (Hydrothermal), it can be observed in Figure 7a that the resulting
current density (normalized by the RDE area, A = 0.196 cm?) is also almost constant and
depends on the chosen electrode potential. While the cathodic current density is almost
zero for a potential of —0.6 Vryg, it increases to —11.5 mA-cm 2 at —1.4 Vg and remains
constant for approximately 2 h with a minor decay down to —8.6 mA-cm~2 for the rest of
the electroreduction period afterwards. During the electroreduction, the amount of formate
retrieved in the electrolyte increases almost linearly, as determined by ion chromatography
after 0.25 h, 1 h, 2 h, and 3 h (Figure 7b). As a result of the CO, electroreduction at
—1.4 Vgyg, after three hours, a total amount of 5.34 mg of formate accumulated in the
electrolyte (0.1 M KHCOj3). Compared to the other electrocatalysts, 5.34 mg of formate
stands out, as only SnO, (Commercial) (m = 4.10 mg) comes close to the performance of
SnO, (Hydrothermal) (Figure S9). Furthermore, the FE for the CO,ERR to formate on
5SnO, (Hydrothermal) can be as high as approximately 100%, depending on the applied
potential and the duration of the electroreduction. In Figure 7c, the interval average FE of
formate is zero for a potential of —0.6 Vryg since the resulting current density was close to
zero for this potential. Thus, an applied potential of —0.6 Vryg is too low to initiate the
electroreduction of CO, to formate. Moreover, at —0.8 Vryg and —1.0 Vryg, average FEs
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in a range of 20-30% and 25-70% are observed, respectively, indicating that the CO,ERR is
initiated at the corresponding potentials but is mostly inferior to the competing HER or CO
evolution reaction. Only at —1.2 Vryg and —1.4 VRyg is a clear majority (FE > 80%) of the
applied charge consumed by the CO,ERR to formate, with a clear advantage for the most
negative potential. At —1.4 Vrygg, approximately 100% of the applied charge is consumed
by formate production, which is also reflected by the average yield rates. Figure 7d shows
that the average yield rate of formate at —1.4 Vgyg is as high as 0.551 mmol-m~2-s~! at the
beginning of the CO; electroreduction, which is almost three times higher than the yield
rate at —1.2 VRyg.

Furthermore, the average yield rates of formate in Figure 7d show a slight but contin-
uous decline, regardless of the applied potential. This can potentially be explained by the
following two processes. Firstly, the continuous decline could be a result of an overall loss
of catalyst material during the rotation of the RDE. Figure S13 shows that the CO,ERR to
formate clearly depends on the amount of applied electrocatalyst since the applied current
density and the yield rate are cut by approximately half due to the decrease in the amount
of catalyst by 50%. Hence, any loss of electrode activity could be related to the loss of
catalyst material, which might even be visible on the electrode if significant but was not
observed in the present study. Microscope images such as the ones in Figure 514 did not
show significant hints of catalyst loss due to the RDE experiment.

Secondly, different from the CO; electroreduction to gaseous products such as CO,
the (main) reaction product for the CO,ERR on SnO, in a static H-cell, formate, accu-
mulates in the electrolyte, which is known to influence the progression of the reaction
negatively [45,46]. This was also observed in the present study. Figure 515 shows the result
of a reference experiment during which the final concentration of formate was applied to
the electrolyte right at the beginning of the experiment. Due to this, the resulting current
density at —1.4 Vryg for SnO, (Hydrothermal), the evolution of the (additional) amount of
formate, the average FE, and the average yield rate of formate are diminished as compared
to the results in the absence of formate. Regarding the reason for this behavior, we assume
that the accumulated amount of formate provides a low but significant amount of formic
acid, despite the slight increase in the bulk pH during the electroreduction of CO,. The
accumulation of formate results in a steady increase in the concentration of the strongest
acid in the system, which is capable of protonating SnO;. The latter creates strongly bound
hydrogen atoms, blocking electrocatalytically active sites on the SnO, surface [47] and
potentially acting as a catalyst poison similar to CO for the HER on copper [48].

Figure 8 compares the performance of all four investigated electrocatalysts during the
initial and final periods of CO, electroreduction. In the comparison, more negative elec-
trode potentials are mostly beneficial with respect to the evolution of formate. For all four
5n0O; electrocatalysts, both higher average FEs and average yield rates are mostly observed
for more negative electrode potentials for both the initial and final periods of the experi-
ment, respectively. Furthermore, it is found that during both periods, SnO, (Hydrothermal)
provides both the highest average FE as well as the highest average yield rate as compared
to the other three electrocatalysts, which is also summarized in Table 4. SnO, (Commercial)
comes in second, outperformed by SnO, (Hydrothermal) by approximately 25% in terms
of the average yield rate, although SnO, (Commercial) shows a higher current density in
the LSV scans in Figure 6 than SnO, (Hydrothermal). The better performance of SnO, (Hy-
drothermal) as compared to SnO, (Commercial) is explained by the stable current density
for SnO; (Hydrothermal) during continuous CO; electroreduction (Figure 7a), which is
almost constant at approximately 12 mA-cm 2 for the first two hours, while the current den-
sity for SnO, (Commercial) quickly drops towards 10.5 mA-cm~2 within the first minutes
of the experiment (Figure S9). Moreover, even after three hours of CO; electroreduction at
—1.4 Vrug, SnO; (Hydrothermal) shows an excellent average FE for the CO,ERR to for-
mate of approximately 100% and an average yield rate of 0.551 mmol-m~2:s~!, while SnO,
(Commercial) shows 78.7% and 0.407 mmol-m~2-s~1. Thus, the extent of side reactions
towards CO and Hj is much lower on SnO; (Hydrothermal) than on SnO, (Commercial).
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Furthermore, at —1.4 Vryg, the other two electrocatalysts, i.e., SnO; (Solid-State) and SnO,
(Sol-Gel), perform worse. During the final period of the CO; electroreduction, SnO; (Solid-
State) provides an average FE of 73.5% and an average yield rate of 0.125 mmol-m 257!,
while SnO, (Sol-Gel) delivers 70.7% and 0.218 mmol-m—2-s~!. However, it should be
noted that SnO; (Solid-State) nanoparticles outperform SnO, (Commercial) at a potential
of —1.0 Vgryg, as SnO, (Solid-State) does not show its best performance at —1.4 Vryg. In
terms of the yield rate, SnO; (Solid-State) shows its best performance at —1.2 Vryg within
the first interval and at —1.0 Vryg during the last interval. Thus, a more negative electrode
potential does not necessarily result in a higher yield rate for every electrocatalyst even if
it is the same substance with a comparable texture. In the case of SnO; (Solid-State), the
observed behavior appears to stem from a time-dependent reduction of the electrocatalyst,
which is indicated by a significantly decreasing cathodic current density during the CO,
electroreduction at —1.4 Vryg as shown in Figure S10a.
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Figure 8. Comparison of the electrocatalytic performance of the investigated SnO; nanoparticles.
(a,b) Faradaic efficiencies for the CO,ERR to formate (Interval averages: 0-0.25 h and 2-3 h, re-
spectively), (c,d) production rate of formate (Interval averages: 0-0.25 h and 2-3h, respectively)
CO,-saturated and continuously purged 0.1 M KHCO3 at ambient conditions. Connected data points
to guide the eye.

Combining the results of the electrochemical analysis in Figure 8 with the results
of the material characterization, it can be concluded that the hydrothermal synthesis
provided the most effective electrocatalyst investigated in this study. An equal amount
(w/w) of SNO, (Hydrothermal) provided the highest Faradaic efficiency and highest yield
rate under equivalent conditions as compared to the other three electrocatalysts. At the
same time, the nanoparticles of SnO, (Hydrothermal) were also the smallest particles
investigated in this study. However, SnO;, (Commercial) also provided considerable results
and outperformed SnO, (Sol-Gel) and SnO, (Solid-State), similar to SnO, (Hydrothermal).
The latter is particularly interesting since the surface area of SnO, (Hydrothermal) is
approximately seven times larger and features a higher number of possibly beneficial crystal
lattice defects than SnO, (Commercial). With this, the comparatively good performance of
5n0O; (Commercial) suggests a high surface area-specific activity despite a comparatively
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low number of defects. A possible explanation for this behavior could be related to the
material property that accounts for the Ajg-band in the Raman spectrum and might be
a driver for the electrocatalytic activity of SnO, for CO,ERR to formate. In fact, in an
in-operando Raman study, it was shown that along with the disappearance of the A;; band
due to the electrochemical reduction of SnO, to metallic Sn, the FE to formate decreases
significantly [49]. Relating to this, it has been described above that SnO, (Commercial)
shows the Ajg band as a predominant peak, while disorder-related bands dominate the
spectrum of SnO, (Hydrothermal) and possibly mask the potentially even higher activity
of highly ordered SnO,. Nevertheless, it can be assumed that the presumably lower
surface area-specific activity of SnO, (Hydrothermal) compared to SnO, (Commercial)
is overcompensated by its much higher (7x) surface area, which leads to the overall
better performance of SnO, (Hydrothermal). Accordingly, SnO, (Hydrothermal) and SnO,
(Commercial) are both interesting candidates for the preparation of GDEs, while SnO; (Sol-
Gel) and SnO; (Solid-State) fall behind due to both more defects than SnO, (Commercial)
and larger nanoparticles than SnO, (Hydrothermal).

Table 4. Comparison of the electrocatalytic performance of the investigated SnO, nanoparticles
as provided by the average Faradaic Efficiency (FE) and average yield rate (Yield Rate) for the
CO,ERR to formate at —1.4 Vrygg during the initial 0.25 h- and the final 1 h-period of the CO,
electroreduction, respectively.

0-0.25h 2-3h
Sample FE Yield Rate FE Yield Rate
[%] [mmol- m—2.s—1] [%] [mmol m—2.s—1]
SnO; (Hydrothermal) ~100 0.708 ~100 0.551
SnO, (Commercial) 81.0 0.558 78.7 0.407
SnO; (Sol-Gel) 63.2 0.275 70.7 0.218
SnO; (Solid-State) 72.7 0.223 73.5 0.124

With this, the present study showed that SnO, (Hydrothermal) is mostly stable under
extended CO, electroreduction conditions, provides increased amounts of formate, and may
live up to even better performance in an alternative reaction environment such as the triple-
phase boundary in GDEs. Furthermore, SnO, (Commercial) proved to be an alternative
to custom-made electrocatalysts, which is slightly less stable than SnO, (Hydrothermal)
but potentially more active, potentially due to fewer crystal lattice defects, considering the
significantly lower surface area compared to SnO, (Hydrothermal).

3. Materials and Methods

The experimental procedures and preparation methods are reported in the Supple-
mentary Information together with a detailed comparison between the individual synthesis
products and the corresponding results in the literature.

4. Conclusions

In the present study, SnO; nanoparticles have been investigated as electrocatalysts
for the electroreduction of CO, to formate. The investigated samples were prepared
according to three different synthesis methods, namely hydrothermal, sol-gel, and solid-
state syntheses, and resulted in markedly different material properties and electrocatalytic
performances. Significant differences existed in the particle size and the defect structure
as compared to commercial SnO;. SnO, prepared by the hydrothermal method featured
the smallest particle size of approximately 5 nm as determined by HRTEM and showed a
significant number of defects as determined by Raman spectroscopy. The commercial SnO,
consisted of larger particles in a broad size range from 10 to 100 nm and showed fewer
defects than the custom-made nanomaterials. The SnO, nanoparticles prepared by sol-gel
and solid-state synthesis showed particle sizes in a range from 10 to 20 nm and featured
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a medium number of defects. All four materials were investigated in CO;-saturated
0.1 M KHCOj; with respect to their electrocatalytic performance using a rotating-disk
electrode (RDE) setup. As a result, it was shown that the SnO, nanoparticles prepared by
hydrothermal synthesis provide superior performance in terms of Faradaic efficiency for
CO, to formate as compared to the other three electrocatalysts. The superior performance
can be explained by the much larger specific surface area due to the comparatively small
particles. However, the commercial reference also performed comparatively well despite the
considerably smaller specific surface area. The latter suggests a higher surface-area-specific
activity for the commercial nanoparticles as compared to the custom-made electrocatalysts
and an adverse effect of crystal lattice defects on the CO, electroreduction to formate in
this case.
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www.mdpi.com/article/10.3390/catal13050903/s1, Material and Methods section, Detailed compari-
son with corresponding literature regarding the result of the catalyst synthesis, Figure S1: Schematic
representation of the experimental setup used for the RDE experiments; Figure 52: Nj-sorption
isotherms of the investigated SnO, nanoparticles; Equation (S2): Calculation of BET-particle size;
Equation (S3): Debye-Scherrer equation; Figure S3: TEM images of the investigated SnO, nanopar-
ticles at low magnification; Figure S4: Selected area diffraction pattern for the investigated SnO,
catalyst; Figure S5: Complete Raman spectra of the investigated SnO, nanoparticles; Figure S6: Result
of the peak deconvolution for the Raman spectra shown in Figure 5.; Figure S7: LSV results for the
investigated SnO; catalysts analogous to Figure 6; Figure S8: Direct comparison of LSV scans to
—1.4 VRrug before and after three hours of CO; electrolysis for all investigated SnO, nanoparticles;
Figure S9: Performance analysis of SnO; (Commercial); Figure S10: Performance analysis of SnO,
(Solid-State); Figure S911 Performance analysis of SnO; (Sol-Gel); Figure S12 Reference performance
of glassy carbon and glassy carbon covered with Nafion; Figure S13: Result of an additional reference
experiment using half the amount of SnO, (Hydrothermal); Figure S14: Exemplary LSM images of the
applied electrode bearing hydrothermal SnO, nanoparticles before and after electrolysis; Figure S15:
Reference experiment showing the influence of formate on the performance of SnO, (Hydrothermal).
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