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Abstract

Rational design and synthesis of efficient catalysts for electrochemical CO;
reduction is a critical step towards practical CO: electrolyzer systems. In this work, we
report a strategy to tune the catalytic property of a metallic Pd catalyst by coating its
surface with a polydiallyldimethyl ammonium (PDDA) polymer layer. The resulting
PDDA-functionalized Pd/C catalysts exhibit an enhanced CO Faradaic efficiency of
~93% together with a current density of 300 mA c¢cm at -0.65 V versus reversible
hydrogen electrode in comparison to non-functionalized and commercial Pd/C catalysts.
X-ray photoelectron spectroscopy analysis reveals that the improvement can be
attributed to the electron transfer from the quaternary ammonium groups of PDDA to
Pd nanoparticles, weakening the CO binding energy on Pd. The weak CO adsorption
on Pd was further confirmed by the CO temperature programmed desorption
measurement and operando attenuated total reflection-Fourier-transform infrared
analysis. Therefore, the incorporation of electron-donating groups could be an effective
strategy to decrease the CO binding energy of a metallic catalyst for a high CO
selectivity in COz electroreduction.
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1. Introduction

Electrochemical CO; reduction (CO2R) has been investigated as a potential route
to utilize CO> as the carbon feedstock for fuel and chemical productions. Coupling with
renewable electricity generation, this approach provides an alternative approach to
replace conventional petroleum-based processes. Numerous works have been dedicated
to developing efficient CO-selective metal catalysts, such as Au!-3, Ag*®, Zn’ 8, and
Pd*!12. Among them, Pd exhibits distinct electrocatalytic properties under different
overpotential regions in COzR. In neutral electrolytes, formate is the dominant CO2R
product on Pd catalysts at low overpotentials, whereas CO becomes the main product
at high overpotentials (lower than -0.5 V versus reversible hydrogen electrode, RHE).
The shift of product selectivity is probably due to the formation of Pd hydride phase at
high overpotentials, which alters the CO2R mechanism on the catalyst surface!* 14, As
high current densities are generally required for commercial electrolysis systems, Pd
catalysts are likely operated under the CO-selective potential region, i.e., relatively high
overpotentials. More efforts are needed to further reduce the required overpotential for
Pd-based catalysts.

In theory, a metal catalyst with a weak CO binding energy should exhibit a high
CO selectivity in CO2R because of the facile desorption of the CO intermediate from
the catalyst surface. Weakening the CO binding strength on Pd surface could be an
effective strategy to improve CO selectivity while maintaining a low overpotential for
COzR. Many efforts have been devoted into tuning CO binding energy of Pd catalysts
by changing the surface strains!> 16
19 and alloying with a second metal®*22, Recently, Sargent et al. reported a molecular
tuning strategy by functionalizing metal catalyst surface with organic molecules, which
are specifically designed to stabilize reaction intermediates for improved
performances?®. This strategy could be also applied to modify the electronic structure
of Pd surface by incorporating a molecular layer with desired functional groups, which
can potentially enhance CO selectivity in CO2R at low overpotentials.

Polydiallyldimethyl-ammonium chloride (PDDA) has been employed to
functionalize Pt nanocatalysts. Because of the surface interactions, PDDA not only
immobilizes Pt nanoparticles on the carbon support, but also increases Pt oxidation
potential in oxygen reduction reaction?*. Here, we reported a molecular
functionalization method in which PDDA was coated on the surface of Pd nanoparticles
as a means to tune the CO adsorption strength of Pd catalysts. The PDDA-
functionalized Pd/C catalysts show a maximum current density of 300 mA cm together
with a CO Faradaic efficiency (FE) of 93% in 1M KOH electrolyte at -0.65 V vs. RHE.
The overpotential for PDDA-functionalized Pd/C catalyst is significantly lower than
what is needed for commercial and bare Pd/C catalysts. The originality of the
performance enhancement was investigated using temperature programmed desorption
(TPD) and operando attenuated total reflection Fourier-transform infrared spectroscopy
(ATR-FTIR), both of which show a weakened CO binding strength on the Pd surface
through the PDDA functionalization.

, controlling the morphologies and nanostructures!”
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2. Experimental
2.1. Materials

Polydiallyldimethylammonium chloride (PDDA) (20%, average MW <100000)
and Potassium tetrachloropalladate (K,PdCls, 99.99%) were obtained from Sigma-
Aldrich. Potassium hydroxide (KOH, 99.99%) and sodium hydroxide (NaOH, 98%)
were purchased from Aladdin. Carbon support (Vulcan XC-72R) was bought from the
Fuel Cell Store. Sodium borohydride (NaBHa4, 98%) and isopropanol (IPA, 99.5%)
were purchased from Technology Development Co.,Ltd. Carbon fiber paper (TGP-H-
060) was manufactured by Toray Industries, inc. All chemicals were used without
further purification.

2.2.Catalyst Preparation

The synthetic method is adapted from a previous report**. For a typical synthesis
of the PDDA-functionalized Pd/C catalysts, the precursor KoPdCls (61 mg) was first
dissolved in 200mL de-ionized water and then a solution of 20 wt.% PDDA was added.
To study the PDDA effect, four sets of samples were prepared by changing the mass
fraction of PDDA loading: 0% (Pd/C-PDDA-0), 10% (Pd/C-PDDA-10), 20% (Pd/C-
PDDA-20) and 40% (Pd/C-PDDA-40). In a separate container, 80 mg of Vulcan XC-
72R activated carbon was sonicated in the mixture solution of isopropanol (20 mL) and
deionized water (20 mL) for 20 minutes. Both solutions were then mixed and stirred
for another 10 minutes, followed by an addition of freshly prepared sodium borohydride
solution (15 mg NaBH4 dissolved in 5 mL H2>O). After the mixture was stirred for 48
hours, 2 g of NaOH was added to adjust the pH. After another 48 hours of stirring, the
final mixture was filtrated, washed repeatedly with de-ionized water until no chloride
ion can be detected, and dried at 80 °C in a vacuum oven for 3 hours. The as-synthesized
catalysts are denotes as Pd/C-PDDA-X, where X represents the mass fraction of PDDA
loading.

2.3. Characterizations

The Pd loading in each sample was confirmed using Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP-OES) where the sample was dissolved in a
mixture of 6 mL HCI (30 wt.%), 2 mL HNOs3 (70 wt.%). The ICP-OES results are
summarized in Table S1. X-ray diffraction (XRD) patterns were obtained using a
Rigaku/max-2500 diffractometer with Cu Ka radiation (40 kV, 200 mA). The
diffraction pattern was collected between 10-90° (20) with a scan speed of 8°/min. The
samples were also characterized by transmission electron microscopy (TEM) using a
JEM-2100F microscope operated at an accelerating voltage of 200 kV.

Carbon monoxide temperature-programmed desorption coupled with mass
spectrometry (CO-TPD-MS) was performed using a Micromeritics AutoChem 2910
equipped with a thermal conductivity detector (TCD). The sample (0.1 g) was loaded
in a U-type tube reactor. Prior to CO temperature- programmed desorption process, the
samples were purged at 200 °C for 60 minutes under Ar flow for eliminating water and
impurities in samples. The catalyst was then cooled to room temperature under Ar gas
at 20 °C min! ramp and treated with 4% CO/He gas for 1 hr. Finally, the TPD

3
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measurement was conducted by heating the sample to 800 °C with a ramp of
10 °C/min in Ar for desorption.

Operando attenuated total reflection-Fourier-transform infrared (ATR-FTIR) was
measured by a Thermo Scientific Nicolet iS50 FTIR Spectrometer at a spectral
resolution of 4 cm. The Pd/C catalyst was coated on Au film using following
procedures: the desired amount of catalyst ink was pipetted and chemically deposited
on the basal plane of a hemicylindrical Si prism with a metal loading of 50 ug cm™.
The ink was allowed to be dried and rinsed with deionized water. The catalyst layer
was immersed in CO-saturated 0.1M KOH solution under a constant CO flow at a rate
of 10 sccm. FTIR spectra were recorded at applied potentials from -0.40 V to -0.70 V
versus reversible hydrogen electrode (RHE). The background is recorded at 0.20 V vs.
RHE.

2.4. Electrochemical Measurement
2.4.1. Electrode Preparation

The as-prepared catalysts (10 mg) were dispersed in isopropanol (1 mL) and 10 pL
Nafion ionomer solution (5 wt.% in water). The mixture was sonicated for 30 minutes
and dropcast onto a carbon diffusion layer (GDL). The active area of each electrode is
1 cm? and the catalyst loading of each electrode was controlled to 1.5 mg cm™.
2.4.2. Electrochemical Test

The PDDA-functionalized Pd/C catalysts were investigated in a 3-compartment
microfluidic flow cell (Figure S1), similar to the design in previous studies?> 26, A 1M
KOH solution was used as both catholyte and anolyte. An anion exchange membrane
(PTFE Supported Sustainion 37-50 Alkaline Exchange Membranes) was used to
separate cathode and anode chambers. A graphite counter electrode was used together
with a Hg/HgO reference electrode. All the potentials reported here were converted
regarding reversible hydrogen electrode (RHE) with iR correction based on the
following equation (Eq. 1):

Erue = Engigo + E%Hgngo +0.0591 x pH + iR (Eq. 1)

where i stands for the applied current and R is the measured resistance via
electrochemical impedance spectroscopy with the ripple frequency from 10° to 0.1 Hz
and measurement amplitude of 10 mV.

2.5 Product Quantification

The gas products were analyzed using online gas chromatography (Shimadzu)
equipped with a PN column (1 m) and a MS-13X column (2 m). H, and CO were
quantified using a thermal conductivity detector (TCD), while hydrocarbons (e.g., C2Ha
and C,Hg) were detected using a flame ionization detector (FID). CO and CH4 were
quantified by a separate FID detector after passing through a methanizer. Liquid
products were quantified using nuclear magnetic resonance spectroscopy (NMR). In a
typical measurement, 500 pL of sample is mixed with 100 pL of dimethyl sulfoxide
(DMSO) solution (25 ppm in D>O), which is used as an internal standard, followed by
the NMR analysis. The '"H NMR spectra are analyzed with solvent presaturation
implemented to suppress the water peak.
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The Faradic efficiency (FE) for each product was calculated according to the
following equations (Egs. 2-3):
FE (%) = 2% % 100 =2 x 100  (Eq.2)

QTotal Jtot

FE (%) = 2% % 100 = ”’;C" x 100  (Eq.3)

Qrotal
where 7 is the number of electrons transferred, F is the Faraday constant, x is the molar
fraction of gas product determined by GC, vis the gas flow rate (L s!), j« is the total
current (A), ¢ is the liquid product concentration (mol L), ¥ is the volume of liquid
product (L) and Q is the total charge passed the electrode (C).

3 Results and Discussion
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Figure 1: Schematic diagram of the synthesis of PDDA-functionalized Pd/C catalysts.
Typical (b) TEM and (c) HRTEM images of the as-synthesized Pd/C-PDDA-20, and (d)
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XRD patterns of as-synthesized PDDA-functionalized Pd/C catalysts as well as the
non-PDDA-functionalized Pd/C sample (Pd/C-PDDA-0).

A schematic representation of the synthetic approach of PDDA-functionalized
Pd/C catalysts is shown in Figure la. PDDA chains contain positively charged
quaternary ammonium groups that interact with [PdCl4]> anions to ensure a
homogeneous, uniform loading of the Pd precursors. Upon a chemical reduction by
NaBH4, metallic Pd nanoparticles are formed localled in close contact with the
quaternary ammonium groups, which is critical for enhanced CO; electroreduction to
CO. The addition of carbon black (XC-72) improves the dispersion of the PDDA-
functionalized Pd particles.
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Figure 2: CO2R performance of PDDA-functionalized Pd/C catalysts. (a) Total current
density, (b) CO Faradic efficiency, (c) CO partial current density, and (d) H, Faradaic
efficiency. Commercial Pd/C catalyst is also shown for comparison.

Transition electron microscope (TEM) images of Pd/C-PDDA-X (Figures 1b and
S2) show a uniform dispersion of Pd nanoparticles with a spherical shape on the carbon
support across all samples. Based on the particle size distribution histograms (Figure
S2), average sizes of 2.9, 3.0, 2.2, and 2.3 nm are estimated for Pd/C-PDDA-0, Pd/C-
PDDA-10, Pd/C-PDDA-20, and Pd/C-PDDA-40, respectively. To evaluate the atomic
structure of as-synthesized Pd/C-PDDA-X, both high-resolution TEM (HRTEM) and
powder X-ray diffraction (XRD) measurements were conducted. Figure 1c is a typical
HRTEM image of Pd/C-PDDA-20, which shows a distance between two neighboring
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fringes of 0.236 nm, corresponding to the space of Pd(111) crystal planes. The crystal
structure of Pd particles in the Pd/C-PDDA-X is further examined by XRD analysis.
All the diffraction peaks (Figure 1d) align well with the standard pattern of metallic Pd
(JCPDS No. 46-1043), confirming that cubic metallic Pd nanoparticles are formed in
all Pd/C-PDDA-X. Crystallinite sizes estimated from the diffraction patterns using the
Scherrer formula (Table S2) are 3.0, 2.9, 2.5, and 2.6 nm for Pd/C-PDDA-0, Pd/C-
PDDA-10, Pd/C-PDDA-20, and Pd/C-PDDA-40, respectively, which are consistent
with the values obtained from the TEM analysis (Figure S3).

The CO; electrocatalytic properties of Pd/C-PDDA-X catalysts were evaluated
using a typical 3-compartment microfluidic cell configuration, similar to our previous
work?”-28, All potentials reported are converted to reversible hydrogen electrode (RHE)
unless stated otherwise. The CO2R results are summarized in Figure 2, in which
catalytic properties for commercial Pd/C are also measured for comparison. Among all
the Pd/C-PDDA-X catalysts, Pd/C-PDDA-20 exhibited the highest current density (up
to 300 mA cm?) together with a CO FE of ~93% at -0.65 V (Figure 2a-b), which
corresponds to a CO partial current density of ~279 mA cm. Interestingly, both Pd/C-
PDDA-10 and Pd/C-PDDA-40 show significantly lower performance than Pd/C-
PDDA-20. At low PDDA loadings, the amount of PDDA may not be sufficient to
interact with Pd particles, whereas the Pd surface may be fully covered by PDDA
causing a mass transport issue at high PDDA loadings. In comparison to PDDA-
fuctionalized catalysts, non-functionalized Pd/C (Pd/C-PDDA-0) and commercial Pd/C
catalysts show a much lower CO partial current density (<25 mA cm™) at all potentials
(Figure 2c). The CO FEs for both bare Pd/C catalysts drop quickly below 40% at a
potential less than -0.4 V, while the H> FEs increase above 80% (Figure 2b,d). The
results clearly suggest that the presence of PDDA in Pd/C catalysts greatly enhances
the CO production in COzR. Additionally, while formate is a common product for Pd-
catalyzed CO2R in neutral electrolytes, no formate was detected for any PDDA-
functionalized Pd/C catalysts under alkaline electrolytes. The low foramte formation in
COz2R was also observed for commercial and non-functionalized Pd/C catalysts in
alkaline conditions.
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Figure 3: (a) CO2R stability test of Pd/C-PDDA-20 at a constant potential of -0.4 V for
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6 hours. Inset is a TEM image of the spent catalyst. (b) XRD patterns for Pd/C-PDDA-
20 before and after the 6-hour stability test.

To investigate the stability of Pd/C-PDDA-X catalysts, a 6-hour COzR at a
constant potential (-0.4 V) was conducted. The result shows a less than 10% decay of
current density together with a high CO FE consistently above 90% and a low H> FE
below 10%, indicating a stable performance of the Pd/C-PDDA-20. The TEM image of
the spent catalyst (Figure 3a, inset) also confirmed that the morphology of the Pd
particles is preserved during the stability test. The XRD measurement of the spent Pd/C-
PDDA-20 catalyst showed a similar diffraction pattern to that of the as-synthesized
sample (Figure 3b), indicating the structural integrity of the Pd particles in the prelong
COzR test. For the spent sample, a slight shift of the peaks to low degrees was observed,
which is likely due to the formation of the PdH phase in CO2R, a phenomenon that has
been observed in previous Pd-catalyzed CO;R studies.

T ]
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! 1470
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[
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Figure 4: (a) XPS Pd 3d spectra and (b) CO-TPD-MS data for Pd/C-PDDA-0 and Pd/C-
PDDA-20.

Temperature (°C)

To elucidate the role of PDDA in CO2R, we conducted additional investigations
using XPS, CO-TPD-MS, and operando ATR-IR techniques. We suspect that the
electron donation from the quaternary ammonium groups in PDDA to Pd nanoparticles
leads to an electron-rich Pd surface, which may be responsible for the enhanced CO2R
performance. To verify the hypothesis, XPS analysis was conducted and the results are
shown in Figure 4a. The peaks of Pd 3d XPS spectrum of Pd/C-PDDA-0 centered at
335.1 eV and 340.4 ¢V are attributed to Pd° 3ds;» and Pd° 3d32%’, respectively. The Pd
3d peaks for Pd/C-PDDA-20 have a noticeable 0.4 — 0.5 eV shift compared with Pd/C-
PDDA-0 sample. The doublets at higher binding energies belongs to the Pd**, which
could be attributed to the oxide layer on the Pd surface and the oxide layer would be
reduced under the electroreduction condition. The blueshift of the Pd binding energy
can be attributed to the electron transfer from PDDA to Pd, suggesting a negative shift

8
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of the d-band center relative to the Fermi level.*® According to the d-band center theory
proposed by Norskov er al.3!, a negative shift of the d-band center weakens the CO
adsorption on Pd surface, resulting in facile desorption of CO intermediate from the Pd
surface for the PDDA-functionalized Pd/C catalysts. The XPS results are in good
agreement with the high CO selectivity of Pd/C-PDDA-X observed in CO2R.

The CO adsorption strength on Pd/C-PDDA-20 was also measured using CO-
TPD-MS. During a CO temperature-programmed desorption measurement, the
desorbed substances are first quantified using a TCD detector and then analyzed using
MS. CO adsorption on a bare Pd surface is relatively facile, and therefore, the
desorption of CO from Pd surface requires a relatively high temperature. As shown in
Figure 4b, a large CO desorption peak centered at 470 °C was observed for Pd/C-
PDDA-0, whereas the CO desorption from Pd/C-PDDA-20 has a much smaller peak
centered at 443 °C. The result confirms that a much weaker CO binding energy on
PDDA-functionalized Pd surface than that of bare Pd surface. Based on both XPS and
CO-TPD-MS data, we conclude that the presence of PDDA can effectively weaken the
CO adsorption on Pd surface, which, in turn, enhances the CO selectivity of Pd/C-
PDDA-20 in CO2R. The Pd/PDDA properties may change during high temperature CO
TPD characterization, and therefore, we also conducted ATR-IR measurements to
confirm that CO adsorption on Pd

0.005

0.7V

i 1978 /i\ 07V

Intensity (a.u.)
Intensity (a.u.)

1 I 1 1 I I 1 I 1 1
2000 1950 1900 1850 1800 1750 2000 1950 1900 1850 1800 1750
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Figure 5: Operando ATR-IR spectra for (a) Pd/C-PDDA-20 and (b) Pd/C-PDDA-0 at
various applied potentials.

To probe CO adsorption on Pd/C catalysts under applied potentials, operando ATR-
FTIR experiments were conducted under a constant CO gas flow for both Pd/C-PDDA-
20 and Pd/C-PDDA-0 catalysts. For Pd/C-PDDA-0, the peaks at 2000 cm™! and 1895
cm’! (Figure 5a) can be assigned to bridge-bonded CO* species (COg) and linear-
bonded CO* species (COL), respectively??. At more negative potentials, both peaks
shift to low wavenumbers, indicating a slower vibration frequency of surface bounded
CO which is due to Stark tuning effect caused by a stronger electric field and a higher
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CO binding strength on the Pd surface. This observation is in good agreement with
previous studies on metal-catalyzed CO2R*?. Moreover, the wavenumbers of both COL,
and COg peaks for Pd/C-PDDA-20 are significantly higher than those of Pd/C-PDDA-
0 (Figure 5b), indicating a higher vibration frequency for Pd/C-PDDA-20, and thus a
weaker CO binding energy on Pd. The ATR-FTIR results further confirm that the
introduction of PDDA to Pd/C catalyst effectively reduces its CO binding energy on Pd,
which leads to the enhanced CO selectivity of Pd/C-PDDA-X in CO2R.

4. Conclusion

In summary, we demonstrated that PDDA-functionalized Pd/C catalysts can
achieve a maximum current density of 300 mA cm2 with a 93% CO FE at -0.65 V. The
origin of the enhanced properties of PDDA-functionalized Pd/C catalysts is explored
using XPS, CO-TPD-MS, and operando ATR-FTIR. The results confirmed that the
presence of PDDA significantly reduces CO binding strength on the Pd surface, which
facilitates the desorption of CO intermediate in CO2R, and consequently, a high CO FE
was obtained. This work shows that the introduction of PDDA functionalization on
metal catalyst surfaces can be an effective approach to alter the CO binding energy of
metal catalysts, resulting in an improved CO: reduction performance.
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