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Abstract: Ordered mesoporous carbons (OMCs) have been used as catalyst supports of Pd nanoparticles
for the electrochemical reduction of CO2 in 0.1 M KHCO3. OMC with tunable porosity and morphology
were obtained by the hard-template approach using synthesized SBA-15 templates. SBA-15 materials
were prepared using a mass ratio of the silica precursor (TEOS) and the surfactant (P123) of 2 or
5. After removing silica particles by a purification treatment with NaOH-ethanol or HF, different
OMCs were obtained, with a developed porosity (up to 1050 m2 g−1) and ordered 2D hexagonal
mesostructure (p6 mm). An increase in the TEOS/P123 ratio as well as the treatment with HF resulted
in a decrease in the structural ordering of the materials. Pd nanoparticles with an average size
of around 3 nm were deposited on the OMC. However, larger nanoparticles were also observed,
especially for the materials obtained using a mass ratio TEOS/P123 of 5. Despite these differences,
electrochemical experiments showed that CO2 was successfully reduced to other species (mainly
COad) for all Pd/OMC electrocatalysts. These reduced species were adsorbed on Pd active sites,
inhibiting the hydrogen evolution reaction.
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1. Introduction

The electrochemical reduction of CO2 is known to be a promising alternative for the production
of a wide range of valuable products, including liquid compounds (e.g., methanol, formic acid,
formaldehyde, etc.) and gas fuels (such as carbon monoxide, methane, etc.) [1–4]. These compounds
may be used as chemicals or directly as fuels, allowing CO2 recycling in energy carriers, i.e., the storage
of electric energy.

The electrochemical valorization of CO2 has been explored on several metal electrodes, obtaining
a different performance and product distribution [1,2]. A promising catalyst should drive both the CO2

activation and the posterior hydrogenation toward reduced species. Pt and Pd have attracted special
attention due to their ability to adsorb hydrogen (low hydrogen overpotentials) [5–10]. Additionally,
adsorbed hydrogen interacts with CO2 molecules, enhancing the adsorption of species derived from
CO2 reduction (“reduced CO2” species) in the active phase [6,11]. Adsorbates are known to self-poison
the Pt active sites [9,12], whereas “reduced CO2” species may behave as a reactive intermediate for
CO2 electroreduction on Pd [9]. Although CO and formic acid have been mainly obtained on Pd-based
catalysts, the formation of hydrocarbons has been also demonstrated at low current densities [6,7,10,13].
However, further efforts are required in order to obtain an active and selective catalyst for the
electrochemical reduction of CO2.

In addition to an active metallic phase, the selection of suitable support is essential in the design
of active catalysts for CO2 reduction. Carbon black is the material traditionally used as a support in
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the area of electrocatalysis. Carbon black consists of carbonaceous spheres, with the surface decorated
by micropores, which provides a relatively high specific surface area (>250 m2 g−1) [14]. However,
these micropores can be blocked by metallic nanoparticles, which can restrict the accessibility of
the reagents to active centers and the diffusion of reaction products [15,16]. Nanostructured carbon
materials with a much more developed porosity, such as ordered mesoporous carbons (OMCs),
have emerged as promising supports in the electrocatalysis field. OMCs can reach high surface areas
(up to 2000 m2 g−1), with pore sizes from 2 to 10 nm [17,18], which may facilitate the dispersion of
metallic nanoparticles and improve the distribution and adsorption of CO2 on the catalyst surface [19,20].
For instance, a higher activity for the hydrogen evolution reaction (HER) and a more significant current
for CO2 reduction was evidenced on Pd nanoparticles supported on OMC than those obtained on
Pd/Vulcan in a previous work [5]. Furthermore, porous carbon materials induce changes in the
diffusion of reaction products through the electrode, which may even favor selectivity to a given
product [21,22]. The texture and structure of the support are also known to play an important role
in the HER and the hydrogen diffusion hindrance along the carbon framework, as well as in the
interaction strength between the metal active sites and adsorbed hydrogen, which can condition the
electrochemical behavior for CO2 reduction [5].

In this work, the electrochemical behavior toward the electrochemical reduction of CO2 of different
Pd/OMC catalysts has been studied. With this aim, OMCs with tunable morphological and textural
properties have been obtained by the nanocasting route, using different SBA-15 silica materials as the
hard template. In addition, different agents, HF or NaOH-ethanol, were employed to remove the silica
matrix. The influence of the physicochemical properties of the resultant OMC materials on the activity
for CO2 reduction was evaluated in KHCO3 aqueous solution (0.1 M) by cyclic voltammetry and
oxidation experiments of an adsorbed monolayer of CO and of species derived from CO2 reduction
(stripping experiments).

2. Results and Discussion

2.1. Physicochemical Characterization of OMC Supports

OMC materials were synthesized by the hard-nanocasting route using silica SBA-15 [5,23,24].
Briefly, the silica template SBA-15 was impregnated with the carbon source, a furan resin/acetone.
The resultant composites were carbonized at 700 ◦C in a nitrogen atmosphere and OMCs were obtained
after a silica removal treatment with NaOH-ethanol. Two different silica templates were used in
the synthesis of OMC, with a mass relation (R) of the silica precursor (TEOS) and surfactant (P123)
of 2 or 5. The resultant mesoporous carbons were denoted as OMC-R2 and OMC-R5, respectively.
For comparison, the material obtained with a ratio TEOS/P123 of 5 was subjected to a purification
treatment using HF (labeled as OMC-R5HF) instead of NaOH-ethanol.

X-ray diffraction (XRD) patterns at low angles of OMC supports are given in Figure 1. OMCs present
a peak at 2θ = 1◦, which can be indexed as (100) diffraction, associated with a highly ordered hexagonal
mesostructure (p6 mm) [25]. The relative intensity of the (100) diffraction peak, and consequently the
order degree of the materials, decreases in the order OMC-R2 > OMC-R5 > OMC-R5HF, showing
that an increase in the TEOS/P123 ratio and treatment with HF instead of NaOH-ethanol result in
a decrease in the structural ordering. The loss of the ordering arrangement as the ratio R rises
is explained by a reduction in the P123 copolymer amount, which drives silica structuration and
originates the mesoporosity after calcination. Consequently, a decrease in the P123 surfactant could form
non-interconnected units, resulting in partially ordered silica. By comparing the materials prepared
from the same silica template (SBA- 15-R5) but using a different silica removal agent, it is remarkable
that the OMC washed with HF (OMC-R5HF) presents a lower ordering degree than the same material
washed with NaOH-ethanol (OMC-R5). These results suggest that HF may attack the most accessible
carbon, in addition to silica particles, due to the harsh conditions of this treatment. The removal of this
labile carbon led to improved thermal stability in air, as evidenced by thermogravimetric analysis (TGA;
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see Section 2.2). Thus, the carbon support synthesized using a ratio R = 2 and a NaOH-ethanol washing
procedure (OMC-R2) presented the highest ordered structure. On the other hand, OMCs present a
slight diffraction at 2θ = 25◦ (see Section 2.2), which is attributed to the graphite (002) diffraction line,
indicative of the amorphous carbon structure of OMCs.
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Figure 1. XRD patterns of ordered mesoporous carbon (OMC) supports.

Transmission electron microscopy (TEM) images (Figure 2) also evidenced the hexagonal ordered
mesostructure of OMCs, consisting of amorphous carbon cylinders. Figure 2a displays the parallel
arrangement of carbon cylinders for OMC-R2, while the p6mm structure can be observed in Figure 2b.
The removal of the silica with HF led to a partial loss of the range ordering of OMC, as can be seen in
Figure 2c,d, in agreement with the XRD results.
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The textural parameters of OMCs determined by N2-physisorption are listed in Table 1.
OMCs exhibit a developed porosity, with a specific BET (Brunauer, Emmett and Teller) surface
area (SBET) of 884–1050 m2 g−1 and a total pore volume (VT) ranging from 0.55 to 0.77 cm3 g−1.
A decrease in the mass ratio R resulted in an increase in the adsorption capacity, which may be ascribed
to the long-range ordering of OMC-R2. These results demonstrate that it is possible to obtain OMCs
with the desired texture by adjusting the mass ratio R. Additionally, the textural parameters increased
substantially when HF was used to eliminate the silica particles instead of NaOH-ethanol. This can
be explained by the lower ordering degree of OMC-R5HF due to the attack of the most accessible
carbon, as evidenced by TEM, XRD and TGA. Finally, OMCs presented similar pore size distributions,
with the only peak centered around 3.0–3.6 nm, in agreement with the values of the average pore size
(Dp, Table 1).

Table 1. Textural parameters of OMC supports.

OMC SBET (m2 g−1) VT (cm3 g−1) Dp (nm)

OMC-R2 884 0.59 3.0
OMC-R5 812 0.55 3.5

OMC-R5HF 1050 0.77 3.6

The surface chemistry of OMC was studied by temperature-programmed desorption (TPD) analysis
(Table 2). Besides the removal of silica particles, carbon purification treatments with NaOH-ethanol or
HF resulted in the creation of oxygenated species. NaOH led to the introduction of a higher oxygen
amount than that obtained on the carbon purified with HF. Table 2 also evidences a similar content
for all the supports of basic functionalities (quinones, carbonyls and phenols) decomposed into CO,
whereas the material treated with HF (OMC-R5HF) presented a noticeably lower amount of species
desorbed as CO2, which are assigned to acid groups (carboxylic and lactones) [26]. In accordance with
these results, a higher value of the relation CO/CO2 was obtained for OMC-R5HF (5.3). The materials
washed with NaOH-EtOH presented a similar surface acidity, with CO/CO2 values around 2.

Table 2. Surface chemistry of OMC supports.

OMC CO (µmol g−1) CO2 (µmol g−1) CO/CO2 O (wt.%)

OMC-R2 1527 841 1.8 5.1
OMC-R5 1475 770 1.9 4.8

OMC-R5HF 1467 276 5.3 3.2

2.2. Physicochemical Characterization of the Pd/OMC Catalysts

Pd/OMC (20 wt.% Pd) catalysts were synthesized by reduction with sodium borohydride, following
a previous methodology [5]. Energy dispersive X-ray (EDX) evidenced a Pd loading similar to the
theoretical value for all the catalysts (Table 3). Similar results were obtained by TGA. In this case,
Pd amount was estimated considering the ash content of the support (Figure 3a).

Table 3. Metal loading by EDX, TGA and crystal size by XRD of Pd/OMC catalysts.

Catalyst % Pd (wt.-EDX) % Pd (wt.-TGA) d (nm)

Pd/OMC-R2 22.4 18.2 3.0
Pd/OMC-R5 19.9 18.9 3.5

Pd/OMC-R5HF 21.8 18.5 4.4
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Figure 3. (a) TGA profiles of Pd/OMC and OMC. (b) XRD patterns of Pd/OMC catalysts.

The structure of Pd/C catalysts was studied by XRD (Figure 3b). Three representative peaks
appeared at 2θ = 39.4, 45.6 and 67.4 in all the electrocatalyst patterns, which can be ascribed to (111),
(200) and (220) planes of Pd, respectively. These results indicate that Pd was deposited with an fcc
structure. Pd crystallite sizes (Table 3) were obtained by Scherrer’s equation on the (220) contribution
assuming K = 0.89 [27]. Similar sizes were obtained for all the catalysts, with a value of around 3–4 nm.

TEM micrographs together with particle size distributions of Pd/OMC catalysts are given in
Figure 4. In general, uniform dispersion of Pd nanoparticles on the OMC materials was obtained.
Despite the developed surface area of OMC treated with HF, some particle aggregates are evident on
this catalyst (Pd/OMC-R5HF, Figure 4d). This carbon material presented the lowest oxygen amount and
the least developed acidity (Table 2). Acid groups are known to improve the hydrophilicity of carbons
and, consequently, these species are expected to enhance the interaction between the carbonaceous
support and the metal precursor. Therefore, the higher agglomeration of Pd nanoparticles on the
carbon treated with HF might be explained by a poorer carbon/metal interaction. The presence of
aggregates can also be attributed to the lower ordering degree of OMC-R5HF due to the high severity
of the purification treatment with HF. The average particle size was close to 3 nm for all the samples
(in agreement with the XRD results), although particles with a diameter in the range 6–15 nm were also
observed. Interestingly, the supports obtained with a mass ratio R = 5 (Pd/OMC-R5 and Pd/OMC-R5HF)
exhibited larger nanoparticles compared to Pd/OMC-R2.
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2.3. Electrochemical Characterization of Pd/OMC Catalysts

The electrochemical performance toward CO2 reduction of Pd/OMC electrocatalysts was studied
in 0.1 M KHCO3, at room temperature (RT), by cyclic voltammetry. Figure 5a shows the cyclic
voltammograms (CVs) recorded at 10 mV s−1 from −0.8 to 0.9 V vs. Ag/AgCl in the base electrolyte
in the absence (black curves) or in the presence (red curves) of dissolved CO2. In the N2-saturated
solution, hydrogen adsorption/absorption takes place at potentials more negative than −0.3 V vs.
Ag/AgCl, followed by the HER below −0.6 V vs. Ag/AgCl. In the presence of CO2 (red curves), a 50 mV
shift to more positive potentials occurs due to the pH differences in both electrolytes (8.4 and 6.8 in N2

and CO2-saturated electrolytes, respectively).
Different behavior toward the HER of Pd/OMC catalysts is evident by comparison of the currents

at −0.8 V vs. Ag/AgCl in the absence of CO2. Pd/OMC-R5 exhibited the highest cathodic current,
indicating improved activity for the HER at this catalyst surface. This higher activity toward the HER
on Pd/OMC-R5 may be associated with the good dispersion of Pd nanoparticles with a larger average
size on this catalyst surface, as was observed by TEM (Figure 4). In this context, Pd/OMC-R2 presented a
lower fraction of particles with an average size > 4 nm, whereas some particle agglomeration was found
on Pd/OMC-R5HF. Particle size effect on Pd/C catalysts has been investigated for the HER by other
authors [28,29]. For example, Zheng et al. [29] reported an increase in the hydrogen evolution specific
exchange current density as the particle size increases, ranging from 3 to 42 nm in both acid and basic
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media. They attributed this particle size effect to the distribution of surface facets among different-sized
Pd nanoparticles, together with the structure sensitivity of the activity on different facets [29].

CVs were also recorded from −1.4 to 0.8 V vs. Ag/AgCl in the electrolyte saturated with N2 and
CO2 (Figure 5b). In the CO2-saturated voltammograms (red curve) a peak around −1.0 vs. Ag/AgCl
appears during the cathodic sweep, whereas hydrogen oxidation is partly blocked in the anodic
scan. These results can be explained by the reduction of CO2 to other species (reduced CO2 species,
(CO2)red) which are adsorbed on the active sites of Pd/OMC catalysts, inhibiting the HER [5,6,11].
The latter is more significant for Pd/OMC-R5, which is explained by a higher coverage of (CO2)red

species. In this context, this electrocatalyst exhibited the highest current for the HER. Hydrogen plays
a significant role in the formation of adsorbates evolved from CO2 and, hence, a higher Had coverage
could result in a more effective interaction with CO2 molecules. In fact, hydrogen evolution is totally
blocked on Pd/OMC-R5 due to the presence of adsorbed compounds, whereas the HER is still evident
for Pd/OMC-R2 and Pd/OMC-R5HF due to a lower coverage of active sites by (CO2)red species in
these materials. In agreement with these results, two oxidation peaks are evident at 0.1 and 0.3 V
during the anodic sweep of Pd/OMC-R5 in the presence of CO2. These peaks are associated with the
oxidation of the adsorbates derived from CO2 reduction, mainly COad, but also COOHad or COHad

can be generated [6,11,13,30].
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Figure 5. Cyclic voltammograms (CVs) of Pd/C catalysts in 0.1 M KHCO3 (v = 10 mV s−1, Ei = 0.2 V
vs. Ag/AgCl): (a) from −0.8 to 0.9 V vs. Ag/AgCl; (b) from −1.4 to 0.9 V vs. Ag/AgCl. N2 saturated
solution. Red curves: CO2 saturated solution.

In order to obtain deeper insights into the formation of adsorbed species from CO2 reduction on
Pd/OMC catalysts and in the nature of these adsorbates, CO and reduced CO2 stripping voltammograms
were recorded in 0.1 M KHCO3. Figure 6a shows an example of a CO stripping curve for the Pd
catalyst supported on OMC-R2. Hydrogen adsorption/oxidation features are completely blocked
during the first scan and CO oxidation is evident in the potential window from 0.1 to 0.7 V vs. Ag/AgCl.
Figure 6b shows the comparison of CO oxidation curves (first scan of CO stripping voltammogram) of
Pd/OMC catalysts. Pd nanoparticles supported on OMCs purified with NaOH-ethanol (Pd/OMC-R2
and Pd/OMC-R5) exhibited a bimodal distribution for CO oxidation, with the first (I) and second
peaks (II) centered around 0.2 V and 0.4 V vs. Ag/AgCl, respectively. Other authors have also reported
bimodal CO oxidation profiles on carbon-supported Pd nanoparticles [31–33]. In contrast, a single peak
centered around 0.5 V vs. Ag/AgCl is observed for Pd/OMC-R5HF. In addition, the onset potential
for CO oxidation increases following the sequence Pd/OMC-R5 < Pd/OMC-R2 < Pd/OMC-R5HF.
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These results indicate an improved condition for CO oxidation on the materials obtained after silica
removal with NaOH-ethanol, whereas the treatment with HF resulted in poor activity for CO oxidation.Catalysts 2020, 10, x FOR PEER REVIEW 8 of 13 

 

  
(a) (b) 

Figure 6. CO stripping voltammograms of Pd/OMC catalysts in 0.1 M KHCO3 (v = 10 mV s−1, Ead = -
0.5 V vs. Ag/AgCl): (a) Pd/OMC-R2; (b) Comparison of the first scan of Pd/OMC catalysts. 

“Reduced CO2” stripping experiments were also carried out in the CO2-saturated base 
electrolyte. The potential was set to −1.0 V vs. Ag/AgCl under CO2 bubbling. Under these conditions, 
CO2 is reduced to other species, which are adsorbed on Pd nanoparticles. Then, the CO2 excess was 
purged from the electrolyte with N2 and a CV was recorded from −1.4 to 0.8 V vs. Ag/AgCl at 10 mV 
s-1. Figure 7a shows the “reduced CO2” stripping voltammograms of Pd/OMC-R2. In contrast to the 
results obtained in a CO2-saturated electrolyte (Figure 5b), the current related to hydrogen evolution 
is completely blocked for Pd nanoparticles deposited on OMC-R2. Similar results (not shown) were 
obtained when a ratio of TEOS/P123 = 5 was used for the synthesis of the support (Pd/OMC-R5 and 
Pd/OMC-R5HF). Figure 7b shows a comparison of the first scan of the “reduced CO2” stripping 
voltammograms for all the catalysts. Pd/OMC samples exhibited two peaks associated with the 
oxidation of adsorbed species derived from the electrochemical CO2 reduction. The first contribution 
takes place in a wide potential region (from −0.6 to 0.3 V vs. Ag/AgCl), followed by a second, sharper 
one at ~ 0.4 V vs. Ag/AgCl.  

(a) (b) 

Figure 7. Reduced CO2 stripping voltammograms of Pd/OMC catalysts in 0.1 M KHCO3 (v = 10 mV 
s−1, Ead = −1.0 V vs. Ag/AgCl): (a) Pd/OMC-R2; (b) Comparison of the first scan of Pd/OMC catalysts. 

A comparison of the CO and “reduced CO2” stripping voltammograms for the Pd/OMC catalysts 
is presented in Figure 8. In all cases, the charge associated with the oxidation of adsorbates from CO2 
reduction is more significant than that of CO oxidation. Additionally, the oxidation of (CO2)red species 

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
-0.025

-0.020

-0.015

-0.010

-0.005

0.000

0.005

0.010

0.015

0.020

 First scan
 Second scan

C
ur

re
nt

 d
en

si
ty

 (m
A 

cm
-2
)

Potential (V vs Ag/AgCl)

Pd/OMC-R2

0.0 0.2 0.4 0.6 0.8 1.0
-0.01

0.00

0.01

0.02

C
ur

re
nt

 d
en

si
ty

 (m
A 

cm
-2
)

 Pd/OMC-R2
 Pd/OMC-R5
 Pd/OMC-R5HF

Potential (V vs Ag/AgCl)

-1.5 -1.0 -0.5 0.0 0.5 1.0
-0.25

-0.20

-0.15

-0.10

-0.05

0.00

0.05

 First scan
 Second scan

C
ur

re
nt

 d
en

si
ty

 (m
A 

cm
-2
)

Potential (V vs Ag/AgCl)

Pd/OMC-R2

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
-0.02

-0.01

0.00

0.01

0.02

0.03
 Pd/OMC-R2
 Pd/OMC-R5
 Pd/OMC-R5HF

C
ur

re
nt

 d
en

si
ty

 (m
A 

cm
-2
)

Potential (V vs Ag/AgCl)

Figure 6. CO stripping voltammograms of Pd/OMC catalysts in 0.1 M KHCO3 (v = 10 mV s−1,
Ead = −0.5 V vs. Ag/AgCl): (a) Pd/OMC-R2; (b) Comparison of the first scan of Pd/OMC catalysts.

“Reduced CO2” stripping experiments were also carried out in the CO2-saturated base electrolyte.
The potential was set to −1.0 V vs. Ag/AgCl under CO2 bubbling. Under these conditions, CO2 is
reduced to other species, which are adsorbed on Pd nanoparticles. Then, the CO2 excess was purged
from the electrolyte with N2 and a CV was recorded from −1.4 to 0.8 V vs. Ag/AgCl at 10 mV s−1.
Figure 7a shows the “reduced CO2” stripping voltammograms of Pd/OMC-R2. In contrast to the
results obtained in a CO2-saturated electrolyte (Figure 5b), the current related to hydrogen evolution
is completely blocked for Pd nanoparticles deposited on OMC-R2. Similar results (not shown) were
obtained when a ratio of TEOS/P123 = 5 was used for the synthesis of the support (Pd/OMC-R5
and Pd/OMC-R5HF). Figure 7b shows a comparison of the first scan of the “reduced CO2” stripping
voltammograms for all the catalysts. Pd/OMC samples exhibited two peaks associated with the
oxidation of adsorbed species derived from the electrochemical CO2 reduction. The first contribution
takes place in a wide potential region (from −0.6 to 0.3 V vs. Ag/AgCl), followed by a second, sharper
one at ~0.4 V vs. Ag/AgCl.
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Figure 7. Reduced CO2 stripping voltammograms of Pd/OMC catalysts in 0.1 M KHCO3 (v = 10 mV s−1,
Ead = −1.0 V vs. Ag/AgCl): (a) Pd/OMC-R2; (b) Comparison of the first scan of Pd/OMC catalysts.
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A comparison of the CO and “reduced CO2” stripping voltammograms for the Pd/OMC catalysts
is presented in Figure 8. In all cases, the charge associated with the oxidation of adsorbates from
CO2 reduction is more significant than that of CO oxidation. Additionally, the oxidation of (CO2)red

species takes place at more negative potentials. The latter might be explained by the reduction of CO2

not only to COad but also to other adsorbates (e.g., COOHad or COHad), at potentials more negative
than −0.8 V vs Ag/AgCl. The ratio between the oxidation charges ascribed to “reduced CO2” and CO
(k = QCO2,red /QCO) was obtained by the integration of the stripping curves (Figures 6b and 7b). Similar
k values were obtained for Pd/OMC electrocatalysts: 2.8, 2.2 and 2.4 for Pd/OMC-R2, Pd/OMC-R5
and Pd/OMC-R5HF, respectively. Possible adsorbates (COad, COOHad, COHad) involve different
interchanged electrons (2e− for COad, 1 for COOHad and 3 for COHad), and hence, different oxidation
charges when are oxidized to CO2. Therefore, k values are related to the adsorbate distribution on
Pd/OMC catalysts. However, the coverage of (CO2)red species on Pd nanoparticles blocks the hydrogen
region, and hence hydrogen oxidation might partially overlap with the oxidation of adsorbates from
CO2 reduction. Therefore, the oxidation of absorbed hydrogen may also contribute to the higher
oxidation charge in the “reduced CO2” strippings.
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Figure 8. Comparison of CO and reduced CO2 stripping voltammograms of Pd/OMC catalysts in 0.1 M
KHCO3 (v = 10 mV s−1).

3. Materials and Methods

3.1. Synthesis of OMC Supports and Pd/OMC Catalysts

OMC supports were produced by the nanocasting route from SBA-15 silica [5,23,24,34]. Briefly,
SBA-15 silica materials were synthesized using TEOS (tetraethyl orthosilicate, 98 wt.%, Aldrich,
St. Louis, MO, USA) as silica source and Pluronic P123 (EO20PO70EO20, Aldrich) in order to generate
mesoporosity. Two silica templates, SBA-15-R2 and SBA-15-R5, were prepared using a TEOS/P123
mass ratio of 2 and 5, respectively. OMCs were obtained from the silica templates by impregnation
with furan resin/acetone, followed by carbonization at 700 ◦C for 3 h (N2 atmosphere). Carbonized
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samples were purified with 1.1 M NaOH (98 wt.%, Panreac, Barcelona, Spain) ethanol/water solution
(0.3:1 v/v) or with HF (47–51 wt.%, Panreac) to remove the silica particles.

The Pd electrocatalysts were synthesized by impregnation of the carbon support with the metal
precursor and posterior reduction with sodium borohydride, following the procedure previously
reported in [5]. Briefly, an aqueous 3.0 mM Na2PdCl4 (98 wt.%, Sigma-Aldrich) solution was added
to a water carbon dispersion under sonication. Afterward, the pH was fixed to 5.0 using NaOH
(98 wt. %, Panreac). Then, the metal precursor was reduced by an aqueous 48.0 mM NaBH4 (99 wt.%,
Sigma-Aldrich) solution. Finally, catalysts were filtered, washed and dried overnight. The theoretical
Pd loading was 20 wt.%.

3.2. Physicochemical Characterization

TEM micrographs were taken by means of a JEOL-2000 FXII (Tokyo, Japan) microscope. The crystal
size of Pd nanoparticles was determined by the Digital Micrograph software, considering around
200 particles per sample.

XRD patterns of the materials were obtained on a Bruker AXS D8 Advance diffractometer (θ–θ
configuration; Cu Kα radiation, λ = 0.15406 nm, Bruker AXS, Karlsruhe, Germany). Scans were
performed at 0.24◦ min−1 for 2θ values from 0.5◦ to 4◦ for OMC and at 1◦ min−1 from 10◦ to 80◦ for
Pd/OMC catalysts.

N2 physisorption was carried out at 77 K in a Micromeritics ASAP 2020 (Norcross, GA, USA).
The BET equation was used to determine the total surface area, whereas the total pore volume was
calculated by the single point method at P/P0 = 0.99. Pore size distributions were determined from the
analysis of the adsorption isotherm by the BJH (Barrett, Joyner and Halenda) methodology.

The metal loading of the electrocatalysts was determined by an EDX analyzer Röntec XFlash Si(Li)
coupled to a scanning electron microscope (Hitachi S-3400N). TGA analyses in air were carried out on
a thermogravimetric system (SETARAM Setsys Evolution) from RT to 950 ◦C (5 ◦C min−1).

TPD analyses of the carbon materials were performed by means of an AutoChem II 2920
(Micromeritics, USA) analyzer under a flow of Ar (50 mL min−1) from RT to 1000 ◦C (10 ◦C min−1).
CO and CO2 desorbed amounts were detected by mass spectroscopy (Pfeiffer Vacuum ThermoStarTM)
and quantified by integration of the area under the flow rate versus time curve.

3.3. Electrochemical Characterization

Electrochemical measurements were carried out in a conventional electrochemical cell at RT using
a potentiostat-galvanostat Autolab PGSTAT302 (Ecochemie, Metrohm, Utrecht, The Netherlands).
A high surface area carbon rod was employed as a counter electrode and an Ag/AgCl/3M KCl electrode
as reference. All potentials in the text are referred to Ag/AgCl/3M KCl. The working electrodes
were prepared by depositing a layer of the electrocatalyst on a 7.0 mm diameter glassy carbon disc
(SIGRADUR® G). Catalyst inks were prepared by dispersing 2 mg of catalyst and 15 µL of Nafion
(5 wt. %, Aldrich) in 500 µL of deionized water (Millipore Milli-Q system) under sonication. A volume
of 10 µL of the suspension was deposited over the glassy carbon disc and dried at RT.

The base electrolyte was a 0.1 M KHCO3 (99.99%, Sigma Aldrich) aqueous solution saturated in
nitrogen. First, 20 scans were recorded at 20 mV s−1 from −0.8 to 0.9 V in the working electrolyte to
activate the catalyst surface.

CO stripping experiments were carried out by adsorbing CO (N47) on the catalytic active sites at
–0.5 V vs. Ag/AgCl for 30 min. Then, the CO excess was purged with N2 for 30 min. CVs were recorded
from −0.8 to 0.9 V at 10 mV s−1 for three scans. Electrochemical active areas of Pd catalysts were
determined by the integration of the oxidation peaks of the CO stripping voltammograms, assuming a
charge of 210 µC cm−2 involved in the oxidation of a bridge adsorbed CO monolayer (COad) [35,36].
Currents were normalized by these electroactive areas, resulting in the current densities (J, A cm−2)
given in the text.
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“Reduced CO2” stripping voltammograms were obtained after CO2 saturation of the 0.1 M
KHCO3 base electrolyte. Then, the potential was set to −1.0 V for 30 min. Under these conditions,
CO2 is reduced, forming adsorbed species onto the Pd surface. After this, the solution was again
saturated with N2 for 40 min. Finally, the potential was cycled between −1.4 and 0.9 V at 10 mV s−1 for
three scans.

4. Conclusions

Pd/OMCs were synthesized by the nanocasting approach and tested for the electrochemical
reduction of CO2. Moreover, the influence of the TEOS/P123 ratio and the purification treatment on the
physicochemical properties of OMC and the resultant Pd electrocatalysts were evaluated by different
analytical and electrochemical techniques.

OMCs showed a hexagonal ordered structure, consisting of non-crystalline carbon cylinders, with
a high BET surface area (812–1050 m2 g−1) and pore volume (0.55–0.77 cm3 g−1). An increase in the
TEOS/P123 mass ratio or the use of HF as a silica removal agent resulted in a decrease in the structural
ordering of OMC, with OMC-R5HF being the material with a less ordered arrangement. All catalysts
presented a Pd average particle size of around 3 nm, although larger particles were also observed,
especially for the materials obtained using an R = 5 (Pd/OMC-R5 and Pd/OMC-R5HF) with particles
with a diameter in the range 5–15 nm. A good dispersion of the metal phase onto OMC was obtained,
except for Pd/OMC-R5HF, where some agglomeration was evident due to the lower amount of oxygen
functional groups on this carbon which favor the anchoring of metal particles.

Pd/OMC-R5 presented the highest activity for the HER with a current density of around
−0.06 mA cm−2 at −0.8 V vs. Ag/AgCl in 0.1 M KHCO3, whereas values of −0.04 and −0.03 mA cm−2

were obtained for Pd/OMC-R2 and Pd/OMC-R5HF, respectively. This better hydrogen affinity on
the former catalyst resulted in an improved condition for the formation of adsorbed species (mainly
COad) in the presence of CO2. Adsorption experiments of CO and “reduced CO2” evidenced a higher
oxidation charge from “reduced CO2” stripping for all the catalysts, which may be explained by the
formation of other adsorbates in addition to COad.
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