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Abstract

The electrochemical oxidation of C,Hy, is attracting increasing attention due to its vast potential market. The current
electrochemical methods rely on the use of redox mediators, which may produce corrosive intermediates, while direct
oxidation is still limited by its low activity and selectivity. Herein, we conducted electrochemical studies to obtain
mechanistic insights into the benchmark Pd catalyst. The generated Pd(II) could be the active site for C,H, oxidation.
By designing the pulse sequence, we found the ratio of strongly and weakly adsorbed C,H, on Pd to be 0.3:1. The
result we obtained provides a guideline for the rational design of high-performance C,H, oxidation catalysts.
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1. Introduction

Ethylene is one of the most produced chemicals in
the chemical industry, with a global market size of
CNY 1122 billion per year [1]. In China, around 40%
of ethylene is used to produce ethylene oxide and
ethylene glycol, reaching the market sizes of CNY 42
billion [2] and CNY 58 billion [3] in 2020, respec-
tively. The current manufacture of ethylene oxide
and ethylene glycol rely on the oxidation of ethylene
with oxygen under high temperature (200—300 °C)
and high pressure (1—3 MPa) [4,5], which is energy-
intensive. Around 5438 M] of energy is consumed,
and 0.9 tons of CO, will be released for every ton of
ethylene oxide produced [6,7].

With the increasing accessibility of renewable
electricity, integrating electrochemical systems to
produce chemicals and fuels has attracted more
attention in the last two decades [8—12]. Electro-
chemical oxidation of ethylene is a green and
attractive approach. Partial oxidation of ethylene to
desired chemicals is challenging due to the un-
controlled yet favored over-oxidation of CO, under
large positive bias [13—16]. Indirect oxidation with
redox mediators has been proved to be efficient for
partial oxidation of ethylene [7,13,14,17—19].
Recently, Sargent and co-workers reported the
chlorine-mediated electrochemical conversion of

ethylene to ethylene oxide at industrially relevant
conditions (1 A-cm™2) [7]. Such a strategy was
inspired by the chlorohydrin process, where the
Cl, was produced through the electrochemical
oxidation of C1". The CI™ can be recycled through
2CI"' - Cl, —» HCIO + CI" — CH)CICH,OH
+ CI” — 2CI', and NaOH was regenerated at the
cathode simultaneously. Similar methods were
also adopted by Krtil and Manthiram, using
simulated seawater as the source of Cl~ [13,18].
However, the corrosive intermediates, such as
chlorine and hypochlorous acid, raise a substantial
concern about the capital cost for electrode and
electrochemical reactor fabrication.

Direct electrochemical oxidation of ethylene is
green and sustainable, with wide product distri-
bution including acetaldehyde [20], ethylene oxide
[13], acetic acid [21] and ethylene glycol [22], yet
the selectivity and activity are low. The challenges
originate from the low polarity, poor nucleophi-
licity, and low solubility of ethylene. Early work by
Bockris and co-workers found that Pd and Au were
active for partial oxidation of ethylene while com-
plete combustion of C,H, to CO, was observed on
Pt Rh, and Ir in 1 mol-L~! H,SO, at 80 °C [20].
They suggested that the bond strength between
metal and C,H, was the deciding factor for partial
oxidation vs. complete oxidation [20]. King and
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Goodridge then conducted detailed investigations
on the ethylene oxidation to acetaldehyde on Pd in
the same condition, where several mechanistic
pathways were proposed [23]. The most recent
progress made by Lum et al. was also made in
neutral condition, achieving 80% faradaic effi-
ciency of ethylene-to-ethylene glycol at c.a.
4 mA-cm 2 on Au doped Pd catalyst in neutral
conditions [22]. The report is encouraging since
partial electrochemical oxidation of ethylene with
high selectivity can be achieved under mild con-
ditions, which is more economically feasible at
device level. The high activity and selectivity were
resulted from the tuning of OH* on the surface of
Au/Pd [22]. An “activation” process of holding
potential at 1.1 V vs. Ag/AgCl in 0.1 mol-L™"
NaClO,4 on Pd was critical, according to Lum. They
hypothesized the “activation” process to the dy-
namic surface reconstruction of Pd to achieve
different coverages of OH* [24—26].
Understanding the electrochemical behavior of
Pd to obtain insights into the activation process is
essential for the rational design of catalyst for
partial oxidation of ethylene. Thus, we carried out
systematic studies of ethylene oxidation on the Pd
electrode in neutral media. We noticed significant
changes in the cyclic voltammogram of Pd in the
presence of C,H, compared to that in the N, at-
mosphere. An alternative chemical pathway
involving C,H,; to reduce Pd(II) was observed,
suggesting the active site for C;H, adsorption. By
further investigation of the electrochemical
reduction process of C,H; on Pd, part of the
adsorption of C,H, was found to be reversible on
Pd while the rest to be strongly bind to Pd with the
ratio of 1:0.3. The strongly bind C,H; may be
responsible for the over-oxidation of CO,. With
this in mind, we suggested several directions for
designing an ideal C,H, partial oxidation catalyst.

2. Experimental

2.1. Chemical reagents

NaClOy (reagent grade, Fisher Chemical), NaOH
(reagent grade, Aladdin), HCIO, (analytical grade,
VWR Chemicals), Pd/C (10%, BDH Laboratory
Supplies), HAuCl, (reagent grade, Aladdin), per-
fluorosulfonic acid (PFSA) ionomer dispersion
(25%, FuelCellStore) were used without further
purification. All the solutions were prepared using
deionized water (18.2 MQ cm).

2.2. Electrode fabrication

Pd disk electrode used in mechanism investi-
gation was used as purchased without further

treatment. Pd electrode used in bulk electrolysis
was fabricated by spray coating method.
10 mg Pd/C with 5w.t.% PFSA was added into
1 mL 2:1 isopropanol-water solution to prepare
ink. After 1 h sonication, the ink was spray coated
onto carbon paper with 5% PTFE (Toray 060) until
a loading of 0.75 mg-cm 2 was reached. The as-
obtained Pd electrode was used after drying
overnight at 30 °C in vacuum dry chamber. To
introduce Au into the Pd surface, the Pd electrode
was immersed into 1 mmol-L~! HAuCl, solution
for 2 h at 65 °C and was used as a cathode after
drying overnight.

2.3. Electrochemical tests

All electrochemical experiments were performed
in a three-electrode set-up using a CHI 660e
potentiostat (Chenhua, China), with a platinum
wire as the counter electrode, a saturated Ag/AgCl
electrode (Ida, China) as the reference electrode
and a palladium disk electrode (2 mm diameter,
Ida, China) as the working electrode. Unless
mentioned, 0.1 mol-L~! NaClO, with pH = 6.7 was
used as the electrolyte. Prior to the electrochemical
measurement, the palladium electrode was pol-
ished with 500 nm and 50 nm Al,O; paste (Ida,
China), followed by sonication in an ultrasound
bath. C,H; (99.5%, Huate Gas, China) and N,
(99.95%, Linde, China) were bubbled at 50 standard
cubic centimetres per minute (sccm) for 15 min. All
the electrochemical experiments were conducted at
25 °C. All electrochemical data was reported versus
reversible hydrogen electrode (RHE).

E(RHE)=E(Ag/AgCl)+0.199V+0.0592 x pH (1)

3. Results and discussion

3.1. Electrochemical behavior of Pd disk electrode

We first investigated the electrochemical behavior
of Pd in N, saturated condition in 0.1 mol-L™?
NaClO, (pH = 6.7). Fig. 1a shows the cyclic vol-
tammetric curves of a Pd macro-electrode in 10
consecutive cycles at 100 mV-s . The peaks related
to H-UPD (Cp and A) were clearly observed, similar
to those in acidic and alkaline conditions (Figure S1)
[27,28]. The H-UPD region is generally used in the
literature to determine the electroactive surface area
of Pd. We noticed that the currents of Cy and A,
increased when the upper limit potential was
beyond 1.25 V, which might result from the
increased surface roughness (Fig. 1b).

Previous literature suggested that alpha-oxide
was first formed on the surface of Pd at 0.5 V [27].
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Fig. 1. Electrochemical behavior of Pd in 0.1 mol-L™" NaClO, under N atmosphere at room temperature: (a) cyclic voltammetric curves in 10
continuous scans at 100 mV-s~". The right axis shows the charge of the 10th cycle; (b) cyclic voltammetric curves in 13 continuous scans with
increasing upper limit potential from 0.65 to 1.85 V vs. RHE; (c) scan-rate voltammetric studies from 40 to 320 mV-s™"; (d) |I,| vs. scan rate and ()
E, vs. Ln (scan rate) and (d) pH dependence of C3 and C; peaks at SHE scale (color on line).

This process is kinetically sluggish, giving rise toa  formation of surface OH* at the step site of Pd
barely observable broad peak starting at ca. 0.6 V. (Fig. 1c-d) [31-33]. Additionally, the A, only
[27,29]. The alpha-oxide is believed to have a for-  appeared in the second scan when the upper limit
mula of Pd(OH), and will form PdO after gradual  potential reached 1.45 V in the previous scan. The
dehydration [30]. The sharp anodic peak at 0.92 V  current of A, increased with the increase of upper
(Ay) is a surface control process relating to the limit potential (Fig. 1b). This is related to the
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enhanced surface area of Pd from the dissolution-
deposition in the electrochemical cycling process,
which is consistent with the phenomenon
observed in the UPD region. The A, peak was not
observed at extreme pH (pH = 2 or 12) due to the
rapid growth of thick metal oxide layer (Figure S1).

A potential higher than 1.45 V is believed to
facilitate the formation of Pd(IV) (Asz), which we
assigned as the “harsh” oxidation condition result-
ing in Pd dissolution [34]. Thus, performing elec-
trochemical cycling of the Pd electrode with an
upper limit potential higher than 1.45 V will lead to
the dissolution/deposition of the Pd electrode,
causing an increase in surface roughness [33,34].
The current enhancement for A, and Ay/C, after
cycling at such potential confirms this statement.
The C3, Cp, and C; at 0.84 V, 0.76 V, and 042 V,
respectively, corresponded to the reduction peaks of
A;, A, and A, respectively. At C;, beta-oxide is
reduced to alpha-oxide (Pd(IV) — Pd(Il)), which is
further reduced back to metallic palladium at C,
(Pd(II) — Pd (0)). C; is a proton-coupled electron
transfer surface process (Fig. 1e) with a pH depen-
dence feature on the SHE scale (Fig. 1f). The C; peak
is pH independent (Fig. 1f) but is influenced by the
nature of the anion (Figure S2). Vanfsek found that
anions were involved in the oxidation of Pd during
the transformation of alpha-oxide to beta-oxide in
1 mol-L™' KOH [27]. It is not surprising that the
perchlorate anions could participate in the Pd
oxidation in a neutral solution due to the low con-
centration of hydroxide ions. This can explain the
pH independent behavior for Cz in which the
perchlorate anions instead of hydroxide would be
removed from the PdO, during reduction. This
statement is further confirmed by the earlier onset
and lower intensity of A3/Cjin 0.1 mol-L ™" Na,SO,
than those in 0.1 mol-L™! NaClO,4, under both N,
and C,H, atmospheres (Figure S2).

3.2. Electrochemical oxidation of ethylene on Pd

We then investigated the electrochemical
behavior of Pd in C;H, atmosphere, with the rest of
the conditions identical to N, atmosphere.
Apparent differences were observed in the pres-
ence of C,H, to that in N, saturated solution. As
shown in Fig. 2a, no peaks were noticed in the UPD
region in the presence of C,H,, indicating loss of
active surface sites for H*. Such effect can be
attributed to the stronger adsorption of C;H,4 than
H* on the surface of Pd. Around two folds
enhancement was observed for A, in C,H, satu-
rated condition than that in N,. Since the OH* is
the precursor for the water oxidation and the
oxidation of C,H, [22,34], the enhancement in the
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Fig. 2. Electrochemical behavior of Pd in 0.1 mol-L™" NaClO, under
C,H, saturated solution at 100 mV-s~L, room temperature: (a) cyclic
voltammetric curves in 10 continuous scans. The right axis shows the
charge at the 10th cycle; the dotted blue line is the 10th cycle of CV
under N, saturated solution, (b) cyclic voltammetric curves in 10
continuous scans with increasing potential upper limit from 0.65 to
1.85 V vs. RHE (color on line).

A, implies that the C;H, could be activated by the
surface OH* for further oxidation Pd. This is
consistent with the observation by Lum et al. [22].
Notable promotion of the current for Az and C;
was observed, related to the oxidation of C,H, or
the acceleration of beta oxide growth on Pd.

The C, peak (reduction of alpha-oxide) decreased
in the continuous scan, accompanied by the
appearance of a new peak at 0.3 V, denoted as Cy’
(Fig. 2a). At the same time, the C; peak was more
prominent in the presence of C,H, than that in Ny,
while the reduction peak of C; was suppressed in the
presence of C,H,. One possible reason is that there
is an alternative chemical reaction pathway to
reduce Pd(II) to metallic Pd (xPd*" + C,H, + 2¢xOH ™
— xPd + C,H,O, + xH,0), which bypasses the
original electrochemical pathway and oxidize C,H,
[23]. This could be supported by the larger excess of
charge in C;H, saturated solution (0.071 C) than that
in N, atmosphere (0.021 C) (Figs. 1a and 2a). This
also suggests that Pd(Il) is the active site for C;Hy
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oxidation. Lum et al. also observed similar behavior
in that the fully activated Pd catalyst showed a sig-
nificant enhancement on C; under N, atmosphere.
Considering that the activation process reported by
Lum was performed under 1.1 V vs. Ag/AgCl [22],
taken together with what we observed, we propose
that the “activation process” might be the promotion
of Pd(I) oxide species for optimum adsorption/
activation of C,Hj,.

We further designed experiments to investigate
different adsorptions of C,H; on Pd. We intro-
duced mechanical perturbation by purging C,H, at

Ist scan-no bubbling

0.02f 2nd scan-bubbling
3rd scan-no bubbling
0.01t
~ 0.00F
-0.01p
-0.02

00 04 08 12 16 2.0
E/V(vs. RHE)

Fig. 3. Cyclic voltammetric curves of Pd in 0.1 mol-L™" NaCIOy under
ethylene atmosphere, the bubbling conditions were performed by
purging ethylene at 50 sccm (color on line).

50 sccm to disturb the adsorbed C,H,; on the Pd,
particularly to remove weakly adsorbed ethylene.
As shown in Fig. 3, the disappeared C; peak was
significantly increased when the mechanical
perturbation was introduced (red line in Fig. 3).
The C; peak disappeared again when the pertur-
bation stopped (blue line), implying the adsorption
of C,H, is fast and reversible on Pd. We then
suggest that C; peak can serve as an indicator to
qualitatively characterize the population of adsor-
bed C,H, on the surface of Pd.

We designed pulse sequences (Fig. 4a) to esti-
mate the differently adsorbed C,H,4 on Pd using C,
as the indicator. As shown in Fig. 4a, a CV was first
performed under ethylene atmosphere (denoted as
the before-stripping cycle), followed by holding an
anodic potential at 0.9 V for 10 min to allow com-
plete adsorption of C;H,. N, was then bubbled into
the solution for 20 min to replace all the ethylene in
the solution. The Pd electrode was held at 0.9 V.
This process aimed to remove any weakly adsor-
bed C,H, on the electrode surface. Two continuous
CV cycles were performed (denoted as stripping
and after-stripping cycles) afterwards. Control ex-
periments were conducted with all three cycles
recorded under N, atmosphere (Fig. 4c). The CVs
were normalized to the electrochemical active
surface area obtained from the capacitance in non-
faradic region (Figure S3).

] Before After
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Fig. 4. Ethylene stripping experiment on Pd in 0.1 mol-L™' NaClOy: (a) potential profile of the stripping experiment; (b) cyclic voltammetric tests
performed following the pulse condition in (a); (c) control experiments following (a) with N, saturated all the time (color on line).
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C; was not shown in the first segment of the
stripping (red line in Fig. 4b), while it was observed
in the control experiment (red line in Fig. 4c). At the
same time, the peaks in the H-UPD region dis-
appeared in the stripping cycle (red line in Fig. 4b).
Considering the previously discussed, it is reason-
able to attribute such behavior to the adsorption of
ethylene on the surface of Pd. We assigned these
C,H, survived from the N, bubbling as the strongly
adsorbed form, and the population can be esti-
mated based on the charge difference in the 1st
segment of the stripping in Fig. 4b and c (shown in
the orange shades in Fig. 4c). The intensity of C,;
gradually returned to that in N, saturated condition
in the consecutive scan, indicating gradual removal
of adsorbed C,H, to a complete C,H, free surface
(blue line in Fig. 4b). The difference in the charge
for C; in the after-stripping cycle and before-
stripping cycle gives a rough estimation of the C,H,
coverage, including both “strongly adsorbed” and
weakly adsorbed (based on the charge difference
(Qy) of Cq in the blue line and the (C;+C5-) in dark
line in Fig. 4b). The ratio of strongly adsorbed/
weakly adsorbed C,H, is estimated to be 0.3:1
based on Qorange/(Q2—Qorange)- The strongly adsor-
bed C,H,; may imply partial oxidation at low posi-
tive bias and leads to over-oxidation to CO, at large
positive potential.

Considering the above discussion and previous
works by Cheng [14] and Chorkendorff [15], the
partial oxidation of C,H,; and even other hydro-
carbon species does not simply rely on the *OH on
Pd surface. The property of the active site is crucial.
Pd is favored for C;H, adsorption, while the partial
oxidation pathway might be hindered by the strong
bonding of C,H4 on the Pd. Thus, surface engi-
neering strategies on the active sites for a balanced
C,H, adsorption are useful for future catalyst
design. We suggest to introduce metal with weak
adsorption to O or C;H, to improve the stability of
Pd(II) center and to tune the adsorption of OH* to
C,H, for direct partial-oxidation of C,H,. To verify
our hypothesis, we introduced Au, a noble metal
with poor affinity to O [35], into the Pd surface by
galvanic exchange reaction. Bulk electrolysis was
conducted on both Pd and Pd/Au catalysts at
identical conditions (1.7 V vs. RHE, 0.1 mol-L™?
NaClO, electrolyte (pH = 6.7)) and the result is
shown in Figure S4. The faradaic efficiencies of
ethylene oxide and ethylene glycol increased 50
times on Au/Pd than on Pd, indicating a much
improved selectivity to ethylene partial oxidation.

4. Conclusions

In conclusion, we conducted mechanistic studies
on the electrochemical oxidation of C,H; on Pd

electrode in a neutral solution. Notable differences
in the cyclic voltammetric study were found on Pd
in N, and C,H, atmospheres. The peak relating to
Pd(II) reduction was suppressed and evolved to-
wards a more negative bias, indicating an alter-
native chemical reduction pathway to reduce Pd(II)
to Pd (0) in the presence of C,H, and the interac-
tion between Pd(II)-C,H4. Further analysis sug-
gested the existence of strongly adsorbed C,H, on
Pd, which is around 23%. These strongly adsorbed
C,H,4 might be the reason for the complete com-
bustion of CO; under high positive bias.
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HFEXRNEETS, ZHENBEEFEAIFTRESHNRE. B, ERNBAZELETIK
BTFEUERENNNTSEMENE, MEXLERNNERERBIEP=ERENRMEFEIE, £H
SKRRRY 2 21 PG . EIE AR E AR T ARNLE L 0, B X ZBIRE M RIE I RIBRS £ TR,
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