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Pd/C Catalysts for CO, Electroreduction to CO:Pd Loading Effect

GAO Dun-feng, YAN Cheng-cheng, WANG Guo-xiong', BAO Xin-he"
(State Key Laboratory of Catalysis, Dalian National Laboratory for Clean Energy,
Dadlian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian, 116023, China)

Abstract : Nanostructured heterogencous catalysts have been widely used in the electrochemical carbon dioxide (CO,) reduction
reaction (CO,RR), which can simultaneously achieve the electrocatalytic conversion of CO, to fuels and the storage of renewable
energy sources. Carbon supported palladium nanoparticles (Pd/C) catalysts have been previously reported to show excellent CO,RR
performance. However, the crucial role of the metal loading in supported electrocatalysts has been rarely reported. In this work, we
study the Pd loading effect on the structure of Pd/C catalysts as well as their activity and selectivity of CO,RR to CO. The Pd load-
ings in Pd/C catalysts were well controlled by an effective liquid synthesis method. The Pd nanoparticles were homogeneously dis-
persed on the carbon support, and the Pd loading played a minor role in the particle size. The as-prepared Pd/C catalysts were stud-
ied in an optimized electrolyte, 0.1 mmol- L' KHCOs. It shows a volcano relationship between CO Faradaic efficiency (FE) and the
Pd loading, with the highest CO FE of 91.2% over the 20wt% Pd/C catalyst at -0.89 V versus the reversible hydrogen electrode (vs.
RHE). The geometric CO partial current density had a positive correlation with the Pd loading, while the highest turnover frequency
for CO production was observed over the 2.5wt% Pd/C catalyst (~ 918 h' at -0.89 V vs. RHE). The Pd loading effects on the activi-
ty and selectivity of CO,RR to CO could be attributed to the number of active sites, reaction kinetics, and the stabilization of key in-

termediates, as well as the mass transport of reactants, intermediates and products. This work provides new insight into the loading

effect, an important reactivity descriptor determining the CO,RR performance.
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Electrochemical carbon dioxide (CO,) reduction
reaction (CO,RR) to fuels and chemicals provides an
effective approach which not only reduces the emis-
sion of environmentally harmful CO,, but also pro-
vides means of storing intermittent electricity origi-
nating from renewable energy sources like wind, so
lar, and hydro!". Nanostructured heterogeneous cata-
lysts which have been widely explored show superior
CO,RR performance compared to their bulk counter
part®, Among them, Pd and Pd-based nanostructures
are verified to be the efficient catalysts for CO,RR to
formate, carbon monoxide (CO), hydrocarbons and
alcohols!"*”, The activity and selectivity of these cata-
lysts are tuned by rationally engineering size effect!,
strain effect!””, shape effect™, low-coordinated sites!'®,
as well as the geometric and electronic effects !,

Document Code: A

Apart from the structure and electronic property
of a catalyst, other parameters such as the electrolyte
composition and pHP'?*, the configuration of used
cell™ »1  as well as the metal loading of supported
nanoparticles (NPs) catalyst®™*¥ are also of importance
to determine the activity and selectivity of CO,RR.
Carbon supported palladium NPs (Pd/C) catalysts
can selectively reduce CO, to CO at high overpoten-
tials™ %1 Our previous work indicates that the pro-
duction of CO over Pd NPs is dependent on the
low-coordinate sites and active phase controlled by
the applied potential and reaction intermediate!™ *1.
However, to the best of our knowledge, the loading
effect of Pd/C catalysts on the CO,RR to CO has not
been reported so far. In this work, we prepared a series
of Pd/C catalysts with different loadings and studied
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the Pd loading effects on the activity and selectivity
of CO,RR performance. In the optimized electrolyte,
0.1 mol-L"' KHCO;, a volcano relationship between
CO Faradaic efficiency (FE) and the loading was
observed. The geometric CO partial current density
showed a positive correlation with the Pd loading,
while the highest turnover frequency (TOF) for CO
production was observed over the 2.5wt% Pd/C cata-
lyst. The loading effect could be attributed to the
number of active sites, the stabilization of key inter-
mediates, as well as the mass transport of reactants,

intermediates and products.

1 Experimental Section
1.1 Catalysts Preparations

Pd/C catalysts were synthesized at room temper-
ature in an aqueous solution with sodium borohydride
([NaBH,], Sinopharm Chemical Reagent Co. Ltd.) as a
reducing agent and sodium citrate ([Na;CsHs0,-2H,0],
Sinopharm Chemical Reagent Co. Ltd.) as a stabiliz-
ing agent™. The molar ratio of sodium citrate to PdCl,
was 8 and the molar ratio of NaBH, to PdCI, was 10.
The detailed preparation procedure for Pd/C-10%
(with a Pd loading of 10wt%) was as follows: 0.25
mmol PdCI, (dissolved in 0.1 mol - L' HCI solution)
and 1 mmol sodium citrate were dissolved into 200
mL water, and then 106.4 mg Vulcan XC-72R carbon
black (Carbot Corp.) was added, and sonicated for 30
min. A 25 mL of NaBH, solution (0.1 mmol-L") was
added into the suspension dropwise under vigorous
stirring. After the suspension was stirred for 8 h, the
black precipitate was filtered, washed and dried
overnight in a vacuum oven at room temperature.
Other Pd catalysts with different Pd loading
(2.5wt%, 5wt%, 20wt%, 30wt% and 40wt%) were
also prepared with the same method.
1.2 Physicochemical Characterizations

The actual loading of Pd in Pd/C catalyst was
measured by inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES). Transmission electron
microscopy (TEM) was carried out on a JEM-2100
microscope operated at an accelerating voltage of
200 kV. X-ray diffraction (XRD) was performed on a
Rigaku D/MAX 2500 diffractometer with Cu K, radi-

ation (A = 1.5418 A) at 40 kV and 200 mA. The scan
speed was 2°-min" and the step size was 0.02°. X-ray
photoelectron spectroscopic (XPS) measurements were
carried out using a Thermo Scientific Escalab 250Xi
spectrometer with Al K, X-ray as radiation source.
The position of the C 1s peak, which is 284.6 eV,
was used to correct the binding energy.
1.3 Electrode Preparation

Carbon black ink containing Vulcan XC-72R
carbon black and polytetrafluoroethylene (PTFE, Sig
ma-Aldrich) was painted onto a piece of Toray car-
bon paper (Toray TGP-H-060, Toray Industries Inc.)
to form a microporous layer. The carbon black load-
ing was about 1 mg-cm™ and the PTFE content in the
microporous layer was 15wt%. To fabricate the cata-
lyst layer, the as-prepared catalyst and Nafion
ionomer solution (5wt%, DuPont) were ultrasonically
suspended in a water/alcohol mixture and then
brushed onto the microporous layer. The loading of
Pd/C catalyst was 2.0 = 0.1 mg-cm?, and the Nafion
content in the catalyst layer was 10wt%.
1.4 Electrochemical Measurements

Electrochemical measurements were carried out
in an H-cell separated by a Nafion 115 membrane.
The Pt wire and Ag/AgCl electrode were used as the
counter electrode and reference electrode, respective-
ly. A piece of the Toray carbon fiber paper with the
catalyst layer (1 cm x 2 cm) was used as the working
electrode. The samples were measured with a
chronoamperometric step for 30 min at each poten-
tial, and the potentials were controlled with an Auto-
lab potentiostat (PGSTAT 302N). All potentials in this
study were measured against an Ag/AgCl reference
electrode and converted to the reversible hydrogen
electrode (RHE) reference scale by E(vs. RHE) = £
(vs. Ag/AgCl) + 0.21 V + 0.0591 x pH. CO,RR was
conducted in CO,-saturated 0.1 mmol L' KHCO; (pH
6.8), 0.1 mol-L"' NaHCO; (pH 6.8) and 0.05 mol -L"!
K,SO, (pH 4.2) solutions at room temperature and under
atmospheric pressure. Prior to the measurement, the
electrolyte was bubbled by 5% Ny/CO, (20 mL - min”,
N, as an internal standard for the quantification) for

30 min to remove residual air in the solution and satu-
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rate the solution. The gas products were monitored by
an on line micro gas chromatography (GC, Agilent
490) equipped with a TCD detector and Molsieve SA
column once every three minutes. The liquid product
was analyzed on a Varian 400 MHz nuclear magnetic
resonance (NMR) spectrometer after the reaction. The
'H spectrum was measured with water suppression by
a pre-saturation method. The calculation of TOF was

previously described in our work™,

2 Results and Discussion

Pd/C catalysts with different Pd loadings were
synthesized with sodium borohydride as a reducing
agent and sodium citrate as a stabilizing agent. The
Pd loading was controlled by tuning the weight ratio
of PdCl, precursor and carbon black support. As
shown in Table 1, the actual loadings of the as-pre-
pared Pd/C catalysts, determined by the ICP-OES,
were close to the nominal loadings. The morphology
of the as-prepared Pd/C catalysts was characterized
by TEM, as shown in Figures 1A-F. Pd NPs were ho-
mogeneously dispersed on the carbon support and the
density of NPs obviously increased with the Pd load-
ing. The Pd NPs were found to be slightly agglomer-
ated in the case of a high Pd loading, Pd/C-30% and
Pd/C-40% (Figures 1E-F). Figure 1G shows the size
distributions of Pd NPs in the above Pd/C catalysts,
which were determined by counting more than 200
particles from TEM images acquired in several ran-
domly selected regions. Although the molar ratio of
sodium citrate and PdCl, was kept at 8 for all the
samples during the preparation, the average NPs size
still increased from 2.3 nm in Pd/C-2.5% to 4.0 nm in
Pd/C-40% (Figure 1H). However, as we have previ-
ously reported, Pd NPs in this size range (2.3 ~ 4.0 nm)
showed high apparent CO,RR performance and no
remarkable size effect!™”, therefore, the difference in
the catalytic performance (will be shown later) can be
mainly attributed to the loading effect.

The XRD patterns of the as-prepared Pd/C cata-
lysts are shown in Figure 2A. The peaks at 40.1°, 46.7°,
68.1°, 82.1° and 86.6° were the characteristic (111),
(200), (220), (311) and (222) planes of metallic Pd
with a face-centered cubic (fcc) structure (JCPDS: 65-

Tab. 1 The nominal and actual Pd loadings of Pd/C catalysts

Pd loading/wt%
Catalyst
Nominal Actual
Pd/C-2.5% 2.5 2.1
Pd/C-5% 5 4.7
Pd/C-10% 10 9.9
Pd/C-20% 20 18.6
Pd/C-30% 30 27.4
Pd/C-40% 40 37.3

6174). There were no obvious diffraction peaks that
could be assigned to palladium oxides. The slightly
sharpened peaks with the increased loading suggested
an increased NPs size, consistent with statistical re-
sults from TEM images. The surface composition of
the Pd NPs in the as-prepared Pd/C catalysts was
characterized by XPS. Figure 2B shows the high res-
olution Pd 3d spectra of the Pd/C-20% catalyst. The
peaks at 355.6 and 340.9 eV were assigned to the
metallic Pd, while the peaks at 336.9 and 342.2 eV
were assigned to the surface Pd(I1)O with 54.2at% in
all the Pd species, which could be formed by the
re-oxidation of the as-synthesized Pd NPs in the air
and could be not detected by XRD (Figure 2A). The as-
signment of the Pd 3d spectra was consistent with those
of carbon supported Pd NPs in the literature*J, Tt
should be noted that the palladium oxide on the sur-
face does not play a role in the CO,RR since it would
be reduced to form metallic Pd or Pd hydride under
reducing conditions!®**#!,

CO,RR performance was evaluated in an H-cell
with a chronoamperometric measurement, and the
gas and liquid products were analyzed by an on line
GC and 'H-NMR, respectively. In all the experiments
in this work, CO and H, are the only gas products and
a trace amount of formate was also detected (~ 1% FE,
not shown). Firstly, we studied the electrolyte effect
on the CO,RR performance over Pd/C-20%, as shown
in Figure 3. At less negative potentials below -0.89 V
vs. RHE, the Pd/C-20% catalyst measured in the
KHCO; solution showed the highest CO FE, probably
attributed to the promoter effect of larger cations (K"
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Fig. 1 TEM images of Pd/C catalysts with different loadings: (A) 2.5%, (B) 5%, (C) 10%, (D) 20%, (E) 30% and (F) 40%; (G)
Size distributions of the Pd/C catalysts; (H) Loading dependence of the size of Pd NPs.

vs. Na") on the formation of the COOH* and CO* in-
termediates®" as well as the higher effective CO, con-
centration near the electrode surface (HCO; vs. SO/)
which was enhanced by the fast equilibrium between
the dissolved CO,
molecule™. In contrast, the Pd/C-20% catalyst mea-
sured in the K,SO, solution showed the highest CO FE
(thus, the lowest H, FE) at more negative potentials

bicarbonate anion and the

above -0.99 V vs. RHE, where the reaction was usu-
ally controlled by the mass transport of CO,. The sup-
pressed hydrogen evolution reaction was attributed to
the higher local pH near the electrode in K,SO, ver-
sus KHCO;, which was considered as a weak buffer
solution. However, the Pd/C-20% catalyst measured
in the KHCO; solution showed the highest partial

current density for CO production in the whole po-
tential range (Figure 3B), suggesting that KHCO; is the
optimum electrolyte for CO,RR over Pd/C catalysts.
As we discussed above, the 0.1 mmol-L' KHCO;
solution was used as the electrolyte for studying the
Pd loading effect. As shown in Figure 4A, CO FE in-
creased with the Pd loading from 2.5wt% to 20wt%,
slightly decreased when further increasing it to 30wt%,
and obviously decreased with 40wt% loading espe-
cially at more negative potentials. The geometric CO
partial current density showed that the reaction rate
of CO,RR to CO increased with the Pd loading (Fig-
ure 4B). Interestingly, by decreasing the loading to
2.5wt%, an ultrahigh mass activity for CO production
(-98.1 A-g'py at -0.89 V vs. RHE and -252 A -g'p at
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Fig. 3 Applied potential dependence of (A) Faradaic efficiencies and (B) geometric partial current densities for CO production
over Pd/C-20% in CO,-saturated 0.1 mmol- L' KHCO;, 0.1 mmol:L"' NaHCO; and 0.05 mmol-L"' K,SO, solutions.

-1.19 V vs. RHE, in Figure 4C) was obtained com-
pared to the literature. In order to show a clear load-
ing-reactivity correlation, we compared the loading
dependence of FE and geometric partial current den-
sity for CO production at -0.89 V vs. RHE (Figure
4D), where the highest CO FEs were reached over
most of the Pd/C catalysts and the CO,RR perfor-
mance was less affected by the mass transport com-
pared to that at more negative potentials. The CO FE
increased from 73.3% over Pd/C-2.5% to 91.2% over
Pd/C-20% and then decreased to 79.6% over Pd/C-40%.
Therefore, 20wt% is considered to be an optimum Pd
loading of the Pd/C catalysts for CO,RR, as reported
in our previous work*-***44 The selectivity varia-
tion between CO and H, with the Pd loading could be
attributed to the stabilization of key intermediates af-

fected by a distinct potential distribution in the elec-

tric double layer™*! between NPs as well as the mass
transport of reactants, intermediates and products at
the mesoscaleP™". The slight agglomeration of Pd NPs
of Pd/C catalysts with a high loading could also cause
the decrease of CO FE. The monotonic increase of
CO partial current density with the Pd loading (Figure
4D) demonstrates the presence of more active sites
provided by the increased loading™.,

In order to study the intrinsic loading effect and
better decouple it from the increased number of ac-
tive sites, we calculated the TOF for CO production
over different Pd/C catalysts in the light of our previ-
ous understanding that the edge and corner sites of
Pd NPs have been theoretically proposed to be the ac-
tive sites for CO,RR to CO™. As shown in Figure 5,
the TOF for CO production increased with decreas-

ing the Pd loading, in clear contrast with the positive
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KHCO; solution; (D) Loading dependence of Faradaic efficiencies and geometric partial current densities for CO produc-

tion at -0.89 V vs. RHE.
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Fig. 5 Loading dependence of turnover frequency (TOF) for
CO production over Pd/C catalysts at various poten-
tials in a CO,-saturated 0.1 mmol -L!' KHCO; solu-

tion.

correlation between CO partial current density and the
loading. The highest TOF for CO production (~918 h™)
was achieved over Pd/C-2.5% at -0.89 V vs. RHE.
The high intrinsic activity of Pd/C catalysts with very

low loading was probably attributed to the enhanced
reaction kinetics in the local environment near the

surface of a single particle®*",

3 Conclusions

In summary, the Pd/C catalysts with different Pd
loadings were successfully synthesized by a facile lig-
uid reduction method. The Pd nanoparticles were dis-
persed on the carbon support, and the Pd loading
played a minor role in the particle size. The as-pre-
pared Pd/C catalysts were studied in an optimized
electrolyte, 0.1 mmol - L' KHCO;. It shows a volcano
relationship between CO FE and the Pd loading, with
the highest CO FE of 91.2% over the 20wt% Pd/C
catalyst at -0.89 V vs. RHE. The geometric CO par-
tial current density showed a positive correlation with
the Pd loading, while the highest TOF for CO pro-
duction was observed over the 2.5wt% Pd/C catalyst.
The Pd loading effect on the activity and selectivity
of CO,RR to CO could be attributed to the number of
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active sites, reaction kinetics, and the stabilization of
key intermediates, as well as the mass transport of re-
actants, intermediates and products. This work pro-
vides new insight into the loading effect, an impor-
tant reactivity descriptor determining the CO,RR per-
formance.
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