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Tuning OH binding energy enables selective
electrochemical oxidation of ethylene to
ethylene glycol

Yanwei Lum®'4, Jianan Erick Huang'4, Ziyun Wang ®1, Mingchuan Luo’, Dae-Hyun Nam®7,
Wan Ru Leow’, Bin Chen', Joshua Wicks', Yuguang C. Li®", Yuhang Wang®', Cao-Thang Dinh®",
Jun Li®"2?, Tao-Tao Zhuang', Fengwang Li®", Tsun-Kong Sham?3, David Sinton®?2 and

Edward H. Sargent®™

There is significant interest in developing efficient electrochemical processes for commodity chemical manufacturing, all
directly powered by renewable electricity. A vital chemical is ethylene glycol, with an annual consumption of around 20 million
tonnes due to its use as antifreeze and as a polymer precursor. Here we report a one-step electrochemical route at ambient
temperature and pressure in aqueous media to the selective partial oxidation of ethylene to ethylene glycol. Tuning of the cata-
lyst OH binding energy was hypothesized to be crucial for facilitating the transfer of OH to *C,H,OH to form ethylene glycol.
Computational studies suggested that a gold-doped palladium catalyst could perform this step efficiently, and experimentally
we found it to exhibit an approximate 80% Faradaic efficiency to ethylene glycol, retaining its performance for 100 hours of
continuous operation. These findings represent a significant advance in the development of selective anodic partial oxidation

reactions in aqueous media under mild conditions.

amount of energy: in the United States, for instance, chemical

manufacturing constitutes ~20% of the total energy consumed
by the industrial sector’. Commodity chemicals such as glycols,
ammonia and organic acids are used, for example, in the manufac-
ture of polymers, fertilizer, coatings and adhesives. Today, the energy
needed for these processes is met through the consumption of fossil
fuels, and thus these processes both deplete a finite resource and also
contribute to CO, emissions into the environment?°.

One strategy to tackle these problems is to develop electrochem-
ical processes to manufacture these commodity chemicals by the
direct utilization of increasingly available renewable electricity, pref-
erably under conditions of ambient temperature and pressure’-''.
Electrification of the chemicals industry could also decentralize the
production of chemicals, allowing chemical valorization to occur
nearer the supply of inputs (input chemicals and renewable electric-
ity), reducing the associated processing and transportation costs®.
Electrochemistry also directly utilizes electrons as reagents, negat-
ing the need for the use of stoichiometric amounts of potentially
toxic oxidizing or reducing agents'”’, which are at present heavily
employed in the chemicals industry.

We identified ethylene glycol as an interesting candidate to dem-
onstrate an electrochemical synthesis route in light of its impor-
tance as a precursor in the manufacture of polymers and its use in
antifreeze. These and other applications generate an annual demand
for ethylene glycol of around 20 million tonnes (ref. *).

Today, the production of ethylene glycol from ethylene is a
two-step process, via the intermediate oxirane', generating about
1.6 tonnes of CO, per tonne of ethylene glycol produced” (Fig. 1a).

| he manufacture of commodity chemicals consumes a vast

Electrochemistry could potentially offer a direct one-step route
from ethylene that could avoid cost-adding steps associated with the
processing and purification of intermediates. Also, because it is an
anodic oxidation reaction, the process could be coupled with CO,
(ref. ') or water reduction to generate, respectively, hydrocarbons
or hydrogen simultaneously. The reactions for the latter process
are as follows:

C,H; + 2H,0 — (CH,0H), + 2H" + 2¢ (anode) (1)

2H,0 + 2e~ — H,+20H™ (cathode) (2)

The approach is depicted in Fig. 1b and a techno-economic anal-
ysis (TEA) on the plant-gate levelized cost per tonne is presented in
Supplementary Note 1 (Supplementary Figs. 1 and 2), indicating the
economic potential of this process.

A survey of prior literature reveals that ethylene can electro-
chemically be partially oxidized to a variety of products such as
acetaldehyde, acetic acid and oxirane'’-"*. Reports of ethylene glycol
electroproduction are rare, with work by Holbrook and Wise in 1975
providing an example that relied on a silver working electrode’ and
that led to total current densities in the order of 10~ mA cm™ and
unquantified Faradaic efficiencies to ethylene glycol.

In summary, ethylene can be oxidized in different ways; the
challenge is to engineer a catalyst to steer the oxidation selectively
towards ethylene glycol. The selective electrooxidation to ethylene
glycol would require the successive transfer of two OH groups to
ethylene, which we postulate to involve the intermediate *C,H,OH.
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Fig. 1| An electrochemical route to ethylene glycol. a, lllustration of the
current industrial route. b, Proposed electrochemical route for the synthesis
of ethylene glycol from ethylene.

We thus reasoned that the OH binding energy would be a key
factor in our process. Furthermore, once ethylene glycol is formed,
it likely adsorbs to the catalyst surface through its oxygen atoms:
thus, tuning the OH binding energy (related to O binding energy
through scaling relations*) could enable its facile desorption,
thereby avoiding unwanted further oxidation.

Here we report that ethylene glycol is produced when ethyl-
ene is electrochemically oxidized on a palladium catalyst. Density
functional theory calculations revealed that the second OH trans-
fer, involving the *C,H,OH intermediate, to form ethylene glycol
was the likely bottleneck. Computational screening of ten different
metallic dopants in palladium identified gold as the most promising
to enhance selectivity by tuning the OH binding energy. This then
led us to synthesize a gold-doped palladium catalyst that exhibits
~80% selectivity for ethylene glycol and high stability: the catalyst
retains its performance for 100 hours of continuous operation.

Results

Palladium nanostructured dendritic catalysts. Electrochemical
deposition was used (see Methods) to construct a palladium nano-
structured dendritic (Pd DNT) catalyst on a glassy carbon substrate.
The resulting morphology was characterized using electron micros-
copy (Fig. 2a,b and Supplementary Figs. 3 and 4). Bulk electrolysis
measurements were carried out using a three-electrode configu-
ration: Ag/AgCl (3.0M KCI) was used as the reference electrode,
platinum foil as the counter electrode (cathode) and Pd DNT as
the working electrode (anode). Experiments were performed for
2hours with an ethylene-saturated aqueous 0.1 M NaClO, solution
in an H-cell using a range of applied potentials (see Methods). We
note that the electrolyte used does not have buffering capability and
consequently the local pH drifts with time. The drawback in this
case is that, for electrochemical reactions involving proton trans-
fer, such as this work, the applied potential versus the RHE (revers-
ible hydrogen electrode) changes with time and is therefore not
well defined. Attempts were made to use buffered electrolytes,
however, system performance in buffered electrolytes was poor
(further details are given below).

At the end of the experiments, the products accumulated in
the anode chamber were quantified using "H NMR spectroscopy. As
a control, a commercial Pd/C catalyst (Fig. 2c and Supplementary
Fig. 5) was tested under identical experimental conditions.
The resulting ethylene glycol Faradaic efficiencies (FEs) and par-
tial current densities for both catalysts are shown in Fig. 2d.e.
The results show that Pd DNT selectively generates ethylene glycol
with an FE of ~60% and a partial current density of 2.5mA cm™
at 1.1V vs Ag/AgCl. Across all the applied potentials, Pd DNT
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exhibits higher ethylene glycol selectivity and partial current density
compared with Pd/C.

Additionally, glycolaldehyde, acetaldehyde, oxirane and formic
acid were detected as minor products (the Faradaic efficiencies
are shown in Supplementary Fig. 6). Experiments involving the
electrochemical oxidation of an ethylene glycol solution indicated
that glycolaldehyde and formic acid form as a result of ethylene
glycol oxidation (Supplementary Fig. 7). Oxirane and acetalde-
hyde come from a different pathway, directly from the oxidation
of ethylene.

To validate our results, we performed bulk electrolysis with
3C-labelled ethylene (*CH,"CH,) under the same conditions. *C
NMR (Fig. 2f) and '"H NMR (Supplementary Fig. 8) analyses indi-
cated that the products consisted entirely of *C, confirming that
they are generated from the oxidation of ethylene.

Catalyst activation process. We made the following surprising
observation during bulk electrolysis with Pd DNT: the total current
density decreases continuously in the initial period, then starts to
increase rapidly and finally levels off once a certain current density
is attained (Supplementary Fig. 9). In addition, the duration of the
initial period is a function of applied potential: it decreases as the
applied potential becomes more positive (Supplementary Fig. 9f).
By contrast, this effect is not observed with the commercial Pd/C
catalyst (Supplementary Fig. 10): its current density decreases grad-
ually over time. To elucidate further the temporal evolution of the
current density and its relationship with the FE toward ethylene gly-
col, we performed bulk electrolysis at 1.1V vs Ag/AgCl for 6 hours
and removed aliquots of the electrolyte at various time intervals
(Fig. 3a). We calculated the FE for each time interval, as shown
in Fig. 3b. Both the FE and current density increase with time:
in summary, Pd DNT undergoes an activation process.

We hypothesized the following explanations for this activation
effect: (1) interaction of the catalyst with ethylene, (2) continuous
formation of an oxide layer during electrolysis, (3) generation of
Pd** states on the catalyst, (4) catalyst morphology/surface area
effects, (5) continuous change in electrolyte pH because an unbuf-
fered electrolyte was used or (6) continuously increasing coverage
of adsorbed *OH on the catalyst surface, which occurs dynamically
upon application of a potential.

To determine whether the presence of ethylene is necessary
for this activation process, we performed an experiment in which
the same potential was applied for 1hour while the electrolyte was
sparged with argon. After 1hour, the argon flow was stopped and
ethylene was immediately introduced into the system (Fig. 3¢); the
system was allowed to react for a further 3 hours. As soon as ethyl-
ene was present, the current density increased sharply and within
10min it had reached a similar value to that achieved when eth-
ylene had been present from the beginning. Furthermore, the FE
toward ethylene glycol was calculated to be 65%, a similar value to
that attained previously (Fig. 2d). We thus conclude that ethylene is
not necessary for catalyst activation.

Regarding scenario (2), because an anodic potential was applied,
palladium could exist in an oxidized state under our conditions. To
investigate this, we carried out in situ Raman spectroscopy while
applying a potential of 1.1V vs Ag/AgCl. A broad band centred at
540 cm™" appeared upon application of the potential (Fig. 3d), and
this disappeared immediately after a reducing potential was applied
(Supplementary Fig. 12a). This is in contrast to the spectrum of a
PdO reference sample, in which a sharp peak centred at 640 cm™" is
observed (Supplementary Fig. 12b). Drawing parallels with obser-
vations by Koper and co-workers on the platinum system, we con-
clude that an amorphous hydrated PdO, layer forms on the catalyst
surface as result of the applied potential®®. In Koper’s work, the use
of D,0 as the electrolyte resulted in a shift of the broad band, indi-
cating the presence of OH groups in the oxide layer*>. We too found
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Fig. 2 | Electron microscopy characterization and ethylene oxidation using the Pd DNT and commercial Pd/C catalysts. a, SEM image of the Pd DNT
catalyst. b, High-resolution transmission electron microscopy (TEM) image of the Pd DNT catalyst. Inset: fast Fourier transform image. ¢, TEM image

of the commercial Pd/C catalyst showing Pd nanoparticles dispersed on a carbon support. d, FEs toward ethylene glycol formation at various applied
potentials with Pd DNT and commercial Pd/C catalysts. e, Ethylene glycol partial current densities observed at various potentials with Pd DNT and
commercial Pd/C catalysts. f, *C NMR spectrum of the products generated by electrochemical oxidation of C-labelled ethylene (*CH,CH,). Error bars

correspond to the standard deviation of three independent measurements.

that when we switched H,O with D,O, the broad band shifted to
510cm™ (Fig. 3d), allowing us to conclude that OH groups are also
present in our case.

To investigate scenarios (2) and (3) further, we carried out ope-
rando X-ray absorption spectroscopy (XAS). The extended X-ray
fine structure (EXAFS) results confirm that the catalyst does indeed
become partially oxidized (Fig. 3e). The fitting results show that
~15% of the catalyst becomes oxidized after 30 minutes of opera-
tion, and that this stays roughly constant even after another 30 min-
utes of operation (Supplementary Fig. 13). Because XAS probes the
oxidation state of the bulk (due to the micrometre length penetra-
tion depth”), we deduce this means that an oxide layer forms on
the surface under the reaction conditions, and that this terminates
once the entire surface is oxidized with the catalyst core remaining
metallic palladium. However, if hypothesis (2) were true, we would
observe the oxide grow continuously, in tandem with the catalyst
activation process. As for scenario (3), the XAS spectra show no
new peaks that could be attributed to Pd*', leading us to believe that
this scenario is unlikely.

Once we had completed the 6 hour bulk electrolysis experiment
depicted in Fig. 3a,b, we removed the electrolyte and replenished it
with fresh electrolyte. Bulk electrolysis was then restarted with the
same Pd DNT sample at the same potential of 1.1V vs Ag/AgClL
From the current profile (Supplementary Fig. 15), it appears that the
catalyst yet again goes through another round of activation before
attaining a similar current density and Faradaic efficiency to that of
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the fully activated state. However, the catalyst should already pos-
sess an oxide layer from the previous 6 hour experiment and thus
these experiments do not lend support to scenarios (2) and (3).

To investigate scenario (4), we performed bulk electrolysis at
1.1V vs Ag/AgCl for different durations (300s, 1,500s, 1h and 2h)
and characterized the morphology of the catalyst by scanning elec-
tron microscopy (SEM; Supplementary Fig. 16). We saw no discern-
ible differences. The electrochemically active surface areas (ECSAs)
of Pd DNT and Pd/C were also determined by CO stripping before
and after 2 hours of bulk electrolysis measurements (Supplementary
Fig. 17 and Supplementary Table 1). On the basis of these results,
we found that the ECSAs of the catalysts did not change signifi-
cantly after bulk electrolysis. Furthermore, the ECSAs of Pd DNT
and Pd/C (roughness factors of 57 and 43, respectively) are not sig-
nificantly different, ruling out surface area effects as the sole cause
of the higher selectivity and current density observed with Pd DNT.

To determine whether the dendritic morphology of Pd DNT was
critical for catalyst activation, we tested three other palladium cata-
lysts: a micrometre-sized powder sample (Pd powder), palladium
nanoparticles (Pd NPs) and palladium oxide hydrate (PdO-H,0),
see Supplementary Figs. 18-20 for electron microscopy, XPS and
XAS characterization. Importantly, these samples have morpholo-
gies that are irregular and undefined, showing little similarity to
Pd DNT. These catalysts were then tested in 2hour bulk electroly-
sis experiments at 1.1V vs Ag/AgCl. The Pd powder and Pd NPs
behaved similarly, attaining a low partial current density and FE
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Fig. 3 | Investigation of the activation process involving the Pd DNT catalyst. a, Current density vs time profile for ethylene oxidation carried out for 6 h
at 11V vs Ag/AgCl. b, FEs toward ethylene glycol at various time intervals of the 6 h measurement. ¢, Current density vs time profile for the case in which
ethylene was introduced into the system only after Th and allowed to react for a further 3h. The FEs for all the products are shown in Supplementary

Fig. 11. d, In situ Raman spectroscopy of Pd DNT performed at 1.1V vs Ag/AgCl in H,0O and D,0. e, EXAFS measurements of Pd DNT at a potential of 1.1V
vs Ag/AgCl. Data for Pd DNT before electrolysis and a PdO reference sample are shown as well. More detailed XAS data are shown in Supplementary
Figs. 13 and 14. f, Faradaic efficiencies and partial current densities towards ethylene glycol for Pd NPs, Pd powder and PdO-H,O. Error bars correspond

to the standard deviation of three independent measurements.

(~10%) toward ethylene glycol (Fig. 3f) with their current densities
increasing only slightly with time (Supplementary Fig. 21), indicat-
ing that these catalysts are able to undergo only minimal activa-
tion. To investigate the formation of an oxide layer, we performed
in situ Raman spectroscopy on the Pd NPs (Supplementary Fig. 22).
PdO-H,0 achieved a relatively high current density and FE (~44%),
as shown in Fig. 3f. As in the case of Pd DNT, the current density
in this case also increases significantly over time (Supplementary
Fig. 21), which means that an activation effect is also observed
here, even though its morphology is very different from that of Pd
DNT. This rules out scenario (4) as an explanation for the activa-
tion effect. Additionally, an activation process is seen with PdO-H,O
even though it already starts as an oxide before the experiment,
further ruling out scenario (2).

With regards to scenario (5), because an unbuffered electrolyte
was used, it is possible that the pH changes continuously as the reac-
tion proceeds, providing an explanation for the activation. Indeed,
measuring the pH of aliquots taken at various time intervals shows
that the electrolyte becomes more acidic with time, with the pH
reaching 3.24 after 2hours (Supplementary Fig. 23). However, an
extensive series of experiments were carried out that showed that the
pH does not control the activation process, and these results are fully
detailed in Supplementary Note 2 (Supplementary Figs. 23-26). We
note that two phosphate buffer systems at pH 2 and 7 were employed
in these experiments, however, no activation process was observed
(Supplementary Fig. 26) and the current density and FE were low,
which we postulate to be due to the specific adsorption of anions.

Finally, we investigated scenario (6), in which dynamic surface
reconstruction could alter the catalyst binding energy, affecting the
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coverage of *OH intermediates and activating the catalyst towards
ethylene glycol formation. We hypothesized that cyclic voltam-
metry (CV) studies could enable us to correlate catalytic activity
with the presence of these adsorbed intermediates. Because cata-
lyst activation does not require the presence of ethylene (Fig. 3c),
all CV experiments were carried out in N,-sparged 0.1 M NaClO,
solution. Fig. 4a shows the stable CV of Pd DNT recorded at a rate
of 100mVs™. To investigate the activation process, we applied a
potential of 1.1V vs Ag/AgCl for different durations before carrying
out CV. Fig. 4b shows the CV measured after the potential was held
for 75seconds and the reduction peak appears to grow larger and
shift towards more cathodic regions (green arrow). Immediately
after this CV cycle, a second cycle was performed without carry-
ing another potential hold, and it was observed that the reduction
peak returns to its original size and position (red arrow). When we
held the potential for longer durations, we noticed that this reduc-
tion peak grew larger and shifted to more cathodic regions (Fig. 4c).
Additionally, an experiment was carried out in which the potential
was held for 1 hour and then the system was left at the open circuit
potential for 1 minute before carrying out CV. Interestingly, with the
introduction of this 1 minute pause, the reduction peak reduces in
size and shifts to more anodic regions (Fig. 4d).

Taken together, these results show that the size and cathodic shift
of the reduction peak is correlated to catalyst activation. This peak
is likely to have multiple contributions; one source is the reduc-
tion of PdO to metallic palladium, and another we postulate to be
the reduction of surface hydroxyl intermediates such as *OH. The
results of these CV experiments are consistent with our observa-
tions of catalyst activation: the growth and shift of the reduction
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Fig. 4 | Cyclic voltammetry experiments. a, Stable CV of the Pd DNT catalyst in 0.1M NaClO, (pH 7), recorded at 100 mV s~ b, The potential was held
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(stop and resume). The CV where no pause was present is shown again here for comparison (1h).

peak with time (Fig. 4c) mirrors the catalyst activation process,
and when we conducted an experiment in which ethylene oxida-
tion bulk electrolysis was carried out with Pd DNT for 1 hour and
then left at the open circuit potential for 1 minute, the catalyst
required another activation period before becoming activated again
(Supplementary Fig. 27). We link this to the results shown in Fig. 4d
in which the reduction peak reduces in size and shifts to anodic
regions as a result of the 1 minute pause. Additional CV studies
provided further evidence linking this reduction peak to catalyst
activation (Supplementary Note 3, Supplementary Figs. 28 and 29).

We postulate that the increase in the reduction peak area with
longer durations is due to increasing coverage of surface-adsorbed
hydroxyl intermediates such as *OH, as proposed in scenario (6).
This might be a result of constant dynamic catalyst surface recon-
struction, which alters the OH binding energy, thus affecting its
coverage. Importantly, an increased *OH coverage and altered
OH binding energy likely promotes ethylene glycol formation and
results in the catalyst activation that we experimentally observe.
We propose that this occurs only on Pd DNT and PdO-H,O
because these catalysts may exhibit a higher degree of defects/
disorder, which makes them prone to reconstruction under an
applied potential.

Dopant tuning of OH binding energy. These findings motivated
us to explore additional variables to tune the OH binding energy

towards further improving catalyst selectivity. Modifying the OH
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binding energy through dopants should modulate the FE. Using
density functional theory (DFT), we explored a reaction mechanism
in which lattice OH in PdO serves as a direct reaction intermediate
for the formation of ethylene glycol (Fig. 5a). We carried out simu-
lations on a PdO (100) slab (calculation details can be found in the
Methods section). From these calculations, we identified the most
likely limiting step to be OH addition to the *C,H,OH intermediate
(IV—V) due to its high energy change of 0.74eV. To lower this,
we screened ten different metallic dopants, calculating the energy
change for all the steps in the reaction mechanism. For all elements,
we considered two possible substitutional dopant positions, on the
surface and on the subsurface (Fig. 5b).

Figure 5c shows the effect of these metallic dopants on the
energy change for the step IV—V (subsurface position). From
these results, gold was identified as the most promising dopant,
with an exergonic energy change (—0.06eV). Furthermore, the
desorption of ethylene glycol (V — VI) is more facile with gold
doping (Supplementary Table 2), which is beneficial for prevent-
ing unwanted further oxidation. On the other hand, a dopant such
as rhodium has the opposite effect as it increases the energy of
the limiting step (Fig. 5¢) and should have a negative effect on the
ethylene glycol FE. These results are rationalized in terms of the
OH binding energy of the dopants, with rhodium having a stron-
ger and gold a weaker binding energy compared with palladium
(ref. **). A similar conclusion is reached for these dopants in a
surface position (Supplementary Table 3).
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Motivated by these results, we designed a series of experiments
that would utilize gold doping with the goal of boosting catalyst
selectivity. Catalysts with three different doping concentrations were
fabricated (1.8, 3.2 and 9.0at.%) by simply adding small amounts of
H[AuCl,] to the electrodeposition solution (see Methods), and the
compositions were determined using inductively coupled plasma
optical emission spectrometry (ICP-OES) analysis (Supplementary
Table 4). The SEM image of the catalyst with 3.2at.% Au is shown
in Fig. 63, and the XPS spectra are given in Supplementary Fig. 30.
Testing these catalysts in 2hour bulk electrolysis experiments
showed that the catalysts with 1.8 and 3.2at.% Au did indeed
enhance the FE toward ethylene glycol to 67 and 70%, respectively
(Supplementary Fig. 31). However, for the catalyst with 9.0at.% Au,
the FE decreased to 54%, indicating that excessive gold doping has
a negative effect, likely because the OH binding energy is no lon-
ger optimal for ethylene glycol formation. Because the 3.2at.% Au
catalyst had the highest FE, we named this catalyst PdAu DNT and
investigated the effect of applied potential on the FE, as shown in
Fig. 6b and Supplementary Fig. 31e. The results clearly show that
gold addition boosts the FE and partial current density toward eth-
ylene glycol, except at the higher applied potentials. As with the Pd
DNT catalyst, PdAu DNT also appears to go through an activation
process (Supplementary Figs. 32 and 33). A 6hour bulk electrolysis
experiment was carried out with PAAu DNT and it was also observed
that the current density and FE increase with time (Fig. 6¢,d). As a
negative control, doping with rhodium resulted in a lower FE toward
ethylene glycol (Supplementary Figs. 34 and 35), in agreement with
theoretical predictions (Supplementary Tables 2 and 3).

To evaluate whether surface area effects could explain the dif-
ferences in catalytic performance of PdAu DNT and Pd DNT, we
obtained the ECSAs of these catalysts by CO stripping. The ECSAs
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of the DNT catalysts were found to be similar (Supplementary
Table 5), thus ruling out surface area effects. Powder X-ray dif-
fraction patterns for all the PdAu catalysts were also obtained
(Supplementary Fig. 36), and we observed no evidence of phase
segregation. However, we found some evidence for gold segregation
for the catalyst with 9.0at.% Au, which could explain its decreased
selectivity towards ethylene glycol. XAS measurements were also
performed on PdAu DNT at the Au-L, edge and a lower peak inten-
sity compared with gold foil in the EXAFS spectra (Supplementary
Fig. 37) corresponds to less Au-Au coordination, which is consis-
tent with the formation of a Pd-Au alloy”>**. Additionally, we per-
formed CV measurements with PdAu DNT, similar to those carried
out with Pd DNT (Supplementary Note 4). Likewise, we were able
to correlate catalyst activation with the growth and cathodic shift of
the CV reduction peak (Supplementary Fig. 38).

Finally, we performed bulk electrolysis with the PdAAu DNT cata-
lyst for a continuous period of 100 hours, during which we routinely
removed portions of the electrolyte for NMR analysis, replacing it
with fresh electrolyte. This is akin to an industrial continuous man-
ufacturing process, in which portions of the electrolyte are routinely
siphoned out of the reactor for ethylene glycol extraction. During
the 100 hours, an average 80% FE toward ethylene glycol at a partial
current density of 5.7 mA cm™ was attained (Fig. 6¢) with no signif-
icant loss of performance. At the end, the mass loading and compo-
sition of the catalyst were analysed using ICP-OES (Supplementary
Table 4), which showed no significant loss of mass or change in
composition as a result of a prolonged period of operation.

Conclusions
We have developed an electrochemical process in which ethylene

is directly oxidized to ethylene glycol in aqueous media at ambient
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Fig. 6 | Characterization and bulk electrolysis testing of PdAu DNT catalyst. a, SEM image of the PdAu DNT catalyst. b, FEs toward ethylene glycol

for PdAu DNT and Pd DNT at various applied potentials. ¢, Current density vs time profile for ethylene oxidation carried out for 6h at 1.1V vs Ag/AgCl.

d, FEs toward ethylene glycol for PdAu DNT at various time intervals in the 6 hour measurement. The data for Pd DNT are also included for comparison.

e, Continuous operation for 100 h at 11V vs Ag/AgCl with PdAu DNT showing the current density profile vs time and FEs toward ethylene glycol. An
average of ~80% FE and 5.7 mA cm~2 partial current density towards ethylene glycol is maintained throughout. The FEs for other products are shown in
Supplementary Fig. 39. The spikes in the current density profile occur whenever a portion of the electrolyte is removed and replenished with fresh solution.
Error bars correspond to the standard deviation of three independent measurements.

temperature and pressure, a process that could potentially be pow-
ered directly by renewable electricity. This was achieved with a gold-
doped palladium catalyst (3.2at.% Au) that exhibits ~80% FE at a
partial current density of 5.7 mA cm™2, retaining its performance for
100hours of operation at 1.1V vs Ag/AgCl. Simultaneously, valu-
able hydrogen is continuously generated at the counter electrode.
In addition, an activation process was observed for this catalyst; we
propose that this may be related to a dynamic surface reconstruc-
tion that results in the OH binding energy of the catalyst evolving
over time. Further work is needed to provide a firmer understand-
ing of the precise nature of the activation process. The insights
gained from this work provide a useful starting point for designing
other anodic partial oxidation reactions in aqueous media under
mild conditions, and indicate one route to electrification in the
chemicals industry.

Methods

Materials. Potassium hexachloropalladate(1v) (99%), palladium(1r) chloride (99%),
palladium on carbon, palladium(11) oxide hydrate, palladium(1r) oxide, gold(11r)
chloride solution (99.99% trace metals basis), sodium perchlorate (ACS reagent,
>98.0%), palladium powder (>99.9% trace metals basis), rhodium(111) chloride
(98%), hydrazine hydrate, Nafion perfluorinated resin solution (5wt.%), sulfuric
acid, nitric acid and hydrochloric acid were purchased from Sigma-Aldrich.
Palladium foil (99.9%) was purchased from Alfa Aesar. Nafion 117 proton exchange
membrane was purchased from FuelCellStore. Ethylene (Grade 2.5, 99.5%) and
argon (Grade 5.0, 99.999%) were purchased from Linde Gas. Carbon-13 ethylene
(PC,H,, 99%) was purchased from Cambridge Isotope Laboratories. All the
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chemicals were used without further purification. The mass flow controllers used in
this work were purchased from Sierra Instruments. Deionized (DI; 18.2 MQ) water
was produced by a Millipore system and used for electrolyte preparation and the
cleaning of experimental set-ups.

Preparation of catalysts. Palladium nanostructured dendritic (DNT) catalysts
were fabricated using an electrochemical deposition technique in a solution

of 2mM K,[PdCl ] in 0.5M H,SO, in a glass beaker. A glassy carbon electrode

(3 mm diameter) was used as the electrodeposition substrate, palladium foil was
used as the counter electrode and Ag/AgCl (3.0 M KCl) was used as the reference
electrode. A potential of —1.0V vs Ag/AgCl was applied for a duration of 1,000s
in the electrodeposition process. The electrode was then rinsed with DI water and
dried with a stream of nitrogen. Gold-doped Pd DNT catalysts were prepared by
the addition of H[AuCl,] to the palladium electrodeposition solution. H[AuCl,]
concentrations of 0.03, 0.08 and 0.2 mM were used to prepare catalysts with 1.8,
3.2 and 9.0at.% gold, respectively. The same procedure was utilized with RhCl, to
prepare rhodium-doped catalysts, with 0.03, 0.08 and 0.2 mM solutions used to
prepare catalysts with 1.3, 2.5 and 5.4at.% rhodium, respectively.

Palladium nanoparticles (Pd NPs) were synthesized by the reduction of PdCl,
with N,H, in aqueous solution. PACl, (89 mg) was first dissolved in DI water
(2.5ml). N,H, (1,000 mg) was dissolved in DI water (12.5ml) and added dropwise
to the PdCl, solution with stirring provided by a stirring plate and magnetic
stirring bar. After the reaction was complete, the Pd NPs were washed with DI
water and subjected to centrifugation. Finally, the Pd NPs were dried overnight
in a vacuum oven.

Palladium on carbon, Pd powder, Pd NPs and PdO-H,O were prepared for
electrochemical testing by mixing the catalyst (10 mg) with methanol (1 ml) and
Nafion perfluorinated resin solution (40 ul). The mixture was sonicated for 20 min
to ensure uniformity. This solution (30 ul) was then drop-cast onto the glassy
carbon electrode and left to dry for 30 min. Finally, the electrode was rinsed
with DI water and dried with a stream of nitrogen.
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Electrochemical measurements. All electrochemical measurements were carried
out using an Autolab PGSTAT204 instrument in potentiostatic mode. In all
experiments, a glass H-cell was used with an electrolyte volume of 25 ml in both
the anode and cathode chambers. The H-cell was first cleaned in aqua regia before
conducting the electrochemical measurements. Unless otherwise stated, 0.1 M
NaClO, was used as the electrolyte, platinum foil was used as the cathode and a
Nafion 117 membrane was used to separate the cathode and anode chambers.
The flow rate of ethylene gas was kept constant at 30 standard cubic centimetres
per minute (s.c.c.m.) and introduced into the cell using a mass flow controller.
Ag/AgCl (3.0 M KCl) was utilized as the reference electrode. All current densities
are reported on the basis of the geometric electrode area.

Products were quantified by 'H NMR spectroscopy (600 MHz Agilent DD2
NMR spectrometer) using water suppression techniques. Dimethyl sulfoxide
(DMSO) was used as the internal standard and D,O as the lock solvent. For *C
NMR spectroscopy, proton decoupling techniques were employed to prevent 'H
protons from splitting the *C nuclei, and samples were analysed continuously
for 4h to accumulate sufficient signal.

To calculate the FE toward all products, the following equation was used:

Mproduct

FE = NF——
5 )

where N is the number of electron transfers required to generate the product from
ethylene. N has a value of 2 for ethylene glycol, 4 for glycolaldehyde, 2 for oxirane,
2 for acetaldehyde and 4 for formic acid. 71,4, is the total amount of product
produced (in moles). Q is the total charge passed through the electrochemical
system during a bulk electrolysis measurement. F is the Faraday constant.

For the CO stripping studies, the electrolyte used was a CO-saturated 0.1 M
HCIO, solution (pH 1) with a potential of —0.2V vs Ag/AgCl applied for 10 min.
Immediately after this, the sparging gas was immediately changed from CO to
N,, with the same applied potential maintained for another 20 min, after which
CO-stripping CV was performed. All the CV's were recorded at 20mV s~ and

-2

the charge per area was taken to be 410pCcm=

Materials characterization. The surface morphology of Pd DNT was characterized
by SEM using a Hitachi S-5200 microscope at a beam voltage of 15kV. ICP-OES
measurements were carried out on an Agilent 700 Series ICP-OES spectrometer
operating in axial mode. Samples were prepared for ICP-OES analysis by
dissolution in aqua regia solution. Operando X-ray absorption spectroscopy (XAS)
measurements on Pd DNT were carried out at the 20BM beamline of the Advanced
Photon Source (APS) located in the Argonne National Laboratory (Lemont, IL).
XAS measurements for PdAu DNT were collected at the Advanced Light Source
Beamline 10.3.2 located in the Lawrence Berkeley National Laboratory (Berkeley,
CA). The Demeter system (v.0.9.26) was used to analyse and fit all the XAS

data”. XPS measurements were carried out on a Thermofisher Scientific K-Alpha
spectrometer with a monochromated Al-Ka X-ray source. TEM images were
obtained on an FEI Titan 80-300 LB TEM, operated at 300kV and equipped

with a CEOS image corrector and a Gatan Tridiem energy filter. In situ Raman
spectroscopy was performed using a Renishaw inVia Raman microscope with

a water immersion objective using a 785 nm laser. A modified electrochemical

cell was utilized with Ag/AgCl (3 M KCl) as the reference electrode and a coil

of platinum wire as the counter electrode.

DFT calculations. In this work, all DFT calculations were performed using the
Vienna Ab initio Simulation Package (VASP)*~"' with a periodic slab model using
the projected augmented wave approach to describe the electron-ion interactions
with a cut-off energy of 450 eV. The generalized gradient approximation with the
Perdew-Burke-Ernzerhof exchange correlation functional’” was used and the
effect of solvent was considered using the implicit solvent model implemented

in VASPsol (ref. ). To illustrate the long-range dispersion interactions between
the adsorbates and catalysts, we employed the D3 correction method of Grimme
et al.”. Brillouin zone integration was accomplished using a 3 3 x 1 Monkhorst—
Pack k-point mesh. The zero-point energy correction was included in all
calculations and is given by:

}’lV,‘
i

Ezpp = (4)
where h is PlancK’s constant and v; is the vibrational frequency i, which is calculated
using the harmonic oscillators approximation. Four layers of PdO (100) surface
were optimized, with the top two layers relaxed and the bottom two layers fixed. For
simulations of the substitutional dopant, a palladium atom on either the subsurface
or surface was replaced by a dopant atom. For DFT calculations, we adapted the
grand canonical thermodynamics scheme to address the relative energetics based
on the work by Nerskov et al*. Atomic coordinates of the optimized computational
models are available on the Open Science Framework (https://osf.io/rfmu9/).

Data availability
The data that support the findings of this study are available from the
corresponding author on reasonable request.
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