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Electrocatalytic hydrogenation (ECH) produces high-value chemicals from
unsaturated organics using water as a hydrogen source. However, ECH is
limited by the low solubility of substrates when operated under aqueous
conditions, by electrical losses when performed in organic electrolytes and,
ingeneral, by low faradaic efficiency and fastidious work-up. Here, we show
that a Pickering emulsion compartmenting organic substrates and aqueous
electrolytesin different phases enables efficient ECH at the interface. We
designed a construct comprising Pd nanoparticlesimmobilized on
positively charged carbon nanotubes that localizes at the interface to act as
both emulsion stabilizer and electrocatalyst. Applied to the ECH of styrene,
the system delivers ethylbenzene at high faradaic efficiency (95.0%) and
mass specific current density (-148.1 mA mg;(}). The system combines good
substrate solubility, high conductivity and simplified productisolation, and

has proved applicable to the conversion of various alkenes. This strategy
may thus provide alternative solutions to the ECH of substrates with low
water solubility, such as bio-oil and bio-crude.

Electron-powered chemical processes are drawing considerable atten-
tion because they enable the direct use of renewable energy for the
production of high-value chemicals'®. In particular, electrocatalytic
hydrogenation (ECH) has attracted tremendousinterestin recentyears
asasustainable alternative to hydrogenation processesinvolving dihy-
drogen (H,). ECH offers the possibility of performing low-temperature
hydrogenation reactions at ambient temperature and pressure using
electricity produced directly from renewable sources to generate
hydrogen in situ from water, avoiding the need for H, production,
storage, transport and handling®'°. Nevertheless, several key limita-
tions prevent the widespread practical application of this technique:
low solubility of most organic substrates inaqueous electrolytes; high
energy dissipation from ohmiclossesin organicelectrolytes; low fara-
daic efficiency (FE); and challenging work-up for product isolation
fromelectrolytes" ™.

Sherbo and colleagues recently partially addressed these limi-
tations” by modernizing a Pd membrane electrolysis cell'*. In this
case, a Pd membrane acted as a physical separation compartment-
ing an aqueous electrolyte providing protons and an organic solvent
containing the solubilized substrate (Fig. 1a). During the reaction, Pd
hydrides were generated electrochemically by the reduction of protons
attheinterface with theaqueous electrolyte. Permeating through the
membranetotheinterface withthe organic phase, these hydrides could
then engage with hydrogenation of substrates (for example, n-hexyne
and phenylacetylene)"'*". However, moderate reaction rates and FE
(20-75%) were typically observed due to the limited membrane area
and the limited catalytic activity of bulk Pd". Moreover, the presence
of the Pd membrane prevented ion transfer between electrolyte and
organic solvent, blocking the direct electrocatalytic reduction pathway
of substrates and resulting in a non-faradaic process in the organic
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Fig.1| ECHin a classical Pd membrane reactor and in our emulsion system.
a,InaPd membrane reactor, protons of the aqueous phase are electroreduced
onthe Pd membrane to generate hydrides that diffuse through the membrane
and proceed to thermal hydrogenation of the substrate in the organic phase.
b, Inthe ECH system reported here, the Ag working electrode (WE) used as
current collector is located within an oil-in-water Pickering emulsion. The
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emulsion s stabilized by molecularly modified CNTs decorated with Pd
nanoparticles. The network of emulsion droplets connected to the current
collector through electron-conducting CNTs vastly increases the electroactive
surface area. At the oil-water interface, electroreduction of protons from the
aqueous electrolyte over Pd nanoparticles enables the ECH of water-insoluble
alkenes present in the organic phase within emulsion droplets.

compartment. Thus, strategies allowing for a broad application of
ECH to organic substrates while providing excellent activity and FE
are highly desired but remain challenging.

In this context, we report here the application of Pickering emul-
sions as a simple and versatile approach to improvement of both the
substrate tolerance and efficiency of ECH. Pickering emulsions consist
of two immiscible phases, with one being dispersed into the other as
micrometre-sized droplets and stabilized at the interface by solid par-
ticles™. Such systems have been applied to catalysis and have shown
important benefits for oil-water biphasic reactions by enabling mass
transfer between the two phases and involvement of solid particles
actingas catalysts at the interface 2. InECH, the vast interfaces gener-
ated in Pickering emulsions comprising an aqueous electrolyte and a
substrate-containing organic phase allow the integration of protons
from water into organicsinthe other phase while eliminating the need
for bulk separation (for example, Pd membrane), and thus the associ-
ated limitations also. As a case study, we show here that oil-in-water
Pickering emulsions stabilized by Pd nanoparticles immobilized on
molecularly modified carbon nanotubes (Pd/CNTs) is an efficient elec-
trocatalytic system for alkene ECH (Fig. 1b). Our system outperforms
the reported Pd membrane reactor” and conventional single-phase
cells, with higher ECH current densities achieved at FE of near unity.

Results

Synthesis and characterization of Pd/CNTs

Carbonnanotubes have high electronic conductivity and readily adjust-
able amphiphilicity through surface functionalization. These two key
features make CNTs ideal candidates for ensuring electronic conduc-
tion at oil-water interfaces, and we thus selected these materials as
emulsion stabilizers and supports for Pd nanoparticles (NPs)***. As
illustrated in Fig. 2a, commercially available CNTs were treated with a
mixture of sulfuric and nitric acid to remove impurity metal ions and
generate oxygen-containing groups, such as carboxylic acids, at the
surface®. Pretreated CNTs were then molecularly functionalized to
tune their surface charge and amphiphilicity. Briefly, histamine was
grafted onto CNTs by amide bond formation with surface carboxylic
groups, via an acylation procedure”. Then (3-bromopropyl)trimeth-
ylammonium bromide was reacted withimmobilized histamine moie-
ties to form a quaternary ammonium imidazolium salt. Br~ ions were
exchanged for NTf, ions to avoid surface poisoning of Pd nanoparticles
thatwould be deposited in the next step (Methods)*. Elemental analysis
of the resulting material evidenced around 26 wt% loading of molecular
modifier on CNTs, and thermogravimetric analysis indicated thermal

stability at up to 250 °C (Supplementary Table 1 and Supplementary
Fig.1). Zeta-potential measurements showed that molecularly modified
CNTs conserve a positively charged surface throughout the whole pH
range (named CNTs(+) in the following), while the unmodified sample
(treated with acids only) was found to be strongly negatively charged
(named CNTs(-); Fig. 2b). CNTs, CNTs(-) and CNTs(+) were character-
ized by X-ray photoelectronspectroscopy (XPS; Supplementary Fig. 2).
The XPS survey spectrum of pristine CNTs shows mostly a Cls core-level
contribution (at284.5 eV) whereas an Ols peak (532.2 eV) is clearly visible
inthe spectrumof CNTs(-), confirming theintroduction of oxygenated
functionalities following acid treatment. Following molecular func-
tionalization into CNTs(+), contributions of elements characteristic
of the molecular modifier structure (N, F and S) were identified. The
final electrocatalysts were obtained by deposition of 5 wt% Pd colloid
(around 4.5 nmin diameter; Supplementary Fig. 3) onto the two treated
CNT samples, denoted as Pd/CNTs(+) and Pd/CNTs(-), respectively.
Characterization of Pd/CNTs(+) by transmission electron microscopy
(TEM) showed small and well-dispersed Pd NPs on the CNTs(+) support
(Fig.2c), while elemental mapping of Nand S (atoms characteristic of the
molecular modifier) by scanning TEM in high-angle annular dark field
with energy-dispersive X-ray spectroscopy evidenced homogeneous
coverage of the CNT surface by the molecular modifier (Supplementary
Fig.4).Inaddition, high-resolution XPS spectra of Cls, F1s, N1s and Pd3d
levels were recorded for Pd/CNTs(+) (Fig. 2d). The Cls core spectrum
is deconvoluted into five components corresponding to different car-
bonaceous contributions (C=C, C-C,C-0, C=0 and m-1*) in the CNTs.
However, the Cls spectrum alone did not allow distinguishing of car-
bonsinthebackbone of the molecular modifier from the predominant
carbonin the CNT structure (Supplementary Fig. 5). Deconvolution
of the N1s peak primarily allowed identification of two N-containing
species of the modifier chain, namely the C-NH-C group (400.5 eV)
and quaternary ammonium (403.1eV).Inaddition, the peak at 399.2 eV
inthe N1s spectrum and the peak at 689.0 eV in the F1s spectrum are
characteristic of the NTf,” anion®. These species are characteristic of
the molecular modifier, confirming that thisis presentonthe CNTsand
retains molecular structure following Pd NPs deposition®.

Emulsions and electrochemical set-up

Theelectrolysis cell consists of two compartments separated by a glass
frit (Fig. 1b). The cathode compartment was filled with a solution of
styrene (2 mmol) in cyclohexane (10 ml, oil phase), a0.5 MH,SO, aque-
ous electrolyte (10 ml, water phase) and Pd/CNTs (10 mg, 4.7 pmol
Pd). This composition corresponds to anaqueous electrolyte:organic
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Fig.2|Synthesis and characterization of Pd/CNTs. a, Pretreatment and
molecular modification of CNTs. b, Zeta-potential measurements of modified
and non-modified CNTs; data presented as mean + s.d., as determined fromn =3
independent experiments. ¢, TEM image of Pd/CNTs(+). d, High-resolution XPS
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spectra of Cls, F1s, N1s and Pd3d of Pd/CNTs(+). Spectra were deconvoluted by
application of a Shirley-type background. Dots, data points; red line, sum of fits.
e, Light microscopy image of Pd/CNTs(+)-stabilized Pickering emulsions and
corresponding droplet size distribution. a.u., arbitrary units.

solvent volumetricratio of 1:1, whichis typical for Pickering emulsions.
Aprogrammablein situhomogenizer wasinstalled on top of the cath-
ode compartment to eliminate aconcentration gradient and promote
mass transfer in the emulsion phase. Homogenization of mixtures
containing Pd/CNTs always successfully resulted in oil-in-water Pick-
ering emulsions. The average droplet size for Pd/CNTs(+)-stabilized
emulsions was around 240 um (Fig. 2e) and was even smaller (around
155 um) when using Pd/CNTs(-) as stabilizers (Supplementary Fig. 6).
Emulsions do not form when using pristine CNTs (Supplementary
Fig.7).Because Ag displays high overpotential for the competing hydro-
gen evolution reaction (HER)*"*, we selected an annular Ag foil (5 cm?)
for introduction into the emulsion phase as the cathodic current col-
lector. We also surmised that the Ag foil surface would be negatively
charged under cathodic conditions, thus favouring the adsorption of
positively charged emulsion dropletinterfaces by coulombicinterac-
tions and extending the working surface of the cathode at interfacial
Pd/CNTs throughout the emulsion.

Evaluation of the emulsion ECH system

The hydrogenation of styrene to ethylbenzene (EB) was selected as a
case study for tworeasons: (1) styreneis water insoluble and therefore
agood representative of organic compounds with low water solubility;
and (2) theunreacted substrate and product can be readily quantified,

thus facilitating the accurate calculation of FE. Linear sweep voltam-
metry of the emulsion ECH system in the absence of styrene shows
the working current for proton reduction in the electrolyte as a func-
tion of the applied potential (Fig. 3a). The introduction of styrene
provoked a substantial increase in current magnitude at cathodic
potentials, which canbe attributed to the electrocatalytic conversion
of styrene.

The electrocatalytic activities of emulsion systems for styrene
ECHwere evaluated by electrolysis at —0.65 V (unless otherwise noted)
versus the reversible hydrogen electrode (abbreviated Vg, in the fol-
lowing). The reaction was run with intermittent emulsification for5s
every 5 minuntil the passage of 2 faradays per mole of styrene, as theo-
retically required for full conversioninto EB. Under these conditions,
Pd/CNTs(-)-stabilized emulsions showed amoderate EB yield (72.7%)
with -83.5 mA average working current ( j, passed charge divided by
total reaction time) and 72.7% FE to EB (FEg) (Fig. 3b). The remainder
ofinput charge was mainly consumed in competitive HER (FE;, = 26.8%).
In sharp contrast, when the reaction was performed using
Pd/CNTs(+)-stabilized emulsions (Fig. 3c), 95.1% EB yield was achieved
in 95.0% FE; and only a trace of H, was formed (FE,,=1.2%). The jof
-78.0 mA gives a mass partial current density for EB (ng) at
-148.1mA mg;é. Compared with state-of-the-art Pd membrane reac-
tors used in ECH, these results translate into a 30-50% increase in
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Fig. 3 | Investigation of Pd/CNT-stabilized Pickering emulsions in ECH.

a, Linear sweep voltammetry scans with/without styrene in the oil phase.

b,c, ECH of styrene using Pd/CNTs(-) (b) and Pd/CNTs(+) (c). Reaction
conditions: 2 mmol styrene, 10 ml of cyclohexane, 0.5 MH,SO, (75 mlintotal),
10 mg of catalyst (4.7 umol Pd), —0.65 Vi, With iR compensation; emulsified
forSsevery 5 min. The reaction was stopped immediately after a charge of
386 + 0.5 C had been passed. Data presented as mean + s.d., as determined

Time (min)

fromn=3independent experiments. d, Potential of zero-charge (E,,.) of Ag foil
measured by electrochemical impedance spectroscopy. e, Schematic illustration
of interaction between emulsion droplets and Ag current collector during
reaction. f, Working current (three typical emulsification-reaction periods are
shown) during styrene ECH with Pd/CNTs(+)-stabilized emulsion; black arrows
indicate the moment when in situ emulsification was applied. Product yields
were determined by GC-FID.

hydrogenation FE, at around tenfold higher Pd mass partial
current density®.

Increasing styrene concentrationin the oil phase, from0.2to1.0 M,
did not affect emulsion stability and catalytic performance remained
excellent (90%yield of EBat 90%FE, jEE=-187.1mA mg,; Supplemen-
tary Table 2). Pickering emulsions were found stable even when using
pure styrene as the oil phase with no cyclohexane (Supplementary
Fig. 8). Under these conditions, the passage of 2 faraday per mole of
substrate produced EB at 87% gas chromatography (GC) yield, 88.5%
FEand jE%=-111.6 mA mg, . Passage of an additional 30% of charge
delivered full substrate conversion, from which the product was iso-
lated (5.0 g of isolated product, 65%; Supplementary Fig. 9). Carbon
mass balances were closed and no radical coupling products were
observed even at elevated concentrations of styrene (Supplementary
Fig.10). However, for more polar substrates such as 4-methoxystyrene,
increasing concentrationto1Mresulted inless stable Pickering emul-
sionsand reduced catalytic performance (39.1% yield of 4-ethylanisole
at39.1%FE; jpi?=-62.8mA mg.)).

Togain furtherinsightinto the variationin performance between
systems using Pd/CNTs(-) or Pd/CNTs(+), the surface charge of the
current collector (Ag foil) at the working potential (-0.65 Vg,) was
investigated. The potential of zero-charge (£,,,) of the Ag foil was meas-
ured using electrochemicalimpedance spectroscopy**** and was found
tobeintherange -0.49 to -0.52 Vi, (Fig. 3d). Thus, under capacitive
conditions, the surface of the Agfoil is positively charged ifthe applied
potentialis higher (thatis, less negative) than -0.49 V., but negatively
charged if the potential is lower (that is, more negative) than
-0.52 Vi . At the potential used for electrolysis (-0.65 Vi) the sur-
face of the Agfoilis then expected to be negatively charged, favouring

the adsorption of positively charged Pd/CNTs(+)-stabilized emulsion
droplets that can thus effectively connect to the current collector
(Fig. 3e). We propose that, as a result, the electrochemically active
surface area (ECSA) extends to the Pd/CNTs(+)-stabilized emulsions
which, in turn, fosters catalytic activity and leads to a combination of
high working current and FE. Droplet adsorption and electrical con-
nection are probably disfavoured when using non-modified negatively
charged Pd/CNTs(-)-catalysts, resulting in a lower electrochemically
activeareaand poor ECH performance. In contrast, at amore positive
applied potential of -0.25 Vg,;—more positive than E,. (around
-0.5 Vgye)—therespective performances arereversed (Supplementary
Table 3). Pd/CNTs(-) markedly outperformed Pd/CNTs(+) in terms of
EBevolutionactivity (/52 =-42.9 versus -4.3 mA mg.)). Catalytic per-
formance is in line with the capacitance being higher for Pd/CNTs(-)
-stabilized emulsions compared with Pd/CNTs(+) stabilized at poten-
tials higher than £, (Supplementary Fig. 11). This inversion of behav-
iour is thus consistent with the fact that interfacial charges are key to
the build-up of an extended cathode of large ECSA. These results fur-
ther support our rationale in using positively charged CNTs(+) to gener-
ate an extended cathode at markedly negative applied potential.

The working current gradually increased after each emulsifica-
tion (Fig. 3f), illustrating expansion of the ECSA due to the continuous
connection of emulsion droplets to the current collector during the
creaming process (Supplementary Fig. 12). The creaming process is
here characterized by the ascent of dispersed droplets to the top of
the emulsion due to density differences between the oil and aqueous
electrolyte phases. Immediately after emulsification, oil droplets were
evenly dispersed throughout the whole emulsion phase. Following
creaming, droplets progressively accumulated (without coalescence)
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Table 1| Control experiments

Cell configuration

Brief description No catalyst No Pd NPs No emulsion Coating catalyst H, in headspace, H, in headspace,

(no.1) (no.2) (no.3) on Ag foil (no. 4) no potential (no. 5) potential applied
(no. 6)

Catalyst - CNTs(+) Pd/CNTs(+) Pd/CNTs(+) Pd/CNTs(+) Pd/CNTs(-) Pd/CNTs(+)

Electrolyte 75mlof 0.5M 75mlof 0.5M 75mlof 0.5M 35ml of ethanol + 75ml of 0.5M H,SO, 75mlof 0.5M H,SO,
H,SO, H,SO, H,SO, 45ml of 0.56M H,SO,

Potential (Vgye) -0.65 -0.65 -0.65 -0.65 NA -0.65

Charge input (C) 386 375 386 386 NA 193

Reaction time (min) 19 90 82 63 90 47

j-'(mA) -339.8 -69.5 -78.5 -102.5 NA -68.6

Styrene conversion (%)° 01 0.6 22.0 19.5 40.0 423 495

EB yield (%)° 0.1 0.6 22.0 19.5 40.0 423 49.5

FEgg (%) 0.1 0.6 21.9 19.4 NA 98.8

FEHQ(%) 94.9 98.7 76.6 794 NA NA

Reaction conditions: 2mmol styrene and 10 mg of catalyst (4.7 umol Pd, when applicable) were used in all cases. All reactions were conducted at room temperature and were stopped on
reaching 386+0.5C or after 90min (except for no. 6), whichever came first. In situ emulsification (5s every 5min) was applied to nos. 1, 2, 5 and 6. NA, not applicable. °A flow of H, at
atmospheric pressure was maintained during the reaction. "Conversions and product yields were determined by GC-FID. Reminder: under standard conditions (Fig. 3c), j=-78.0mA,

EB yield=951%, FEg;=95.0%, FE,,=1.2%.

atthetop of the dispersion system, forming a dense ‘emulsion’ phase.
After reaching amaximal magnitude of around -90 mA at 2 min, which
presumably corresponds to the time needed for the macroscopic
creaming process to take place (Supplementary Fig.13), current mag-
nitude decreased slowly, probably owing to mass transfer limitation of
protons in the emulsion phase, until in situ emulsification initialized
anew cycle. Thus, the creaming process plays a key role in electrical
connectivity within the emulsion phase, and periodical in situ emul-
sification is required to avoid mass transfer limitations and maintain
high performance (Supplementary Fig. 14). Interestingly, narrowing
the Ag foil from 5 to 1 cm? did not affect substantially the rate of
ECH (Supplementary Fig.15), which shows that the area of the current
collectorisnotalimiting factor. Taken together, these results strongly
support theideathat ECH occurs at oil-water interfaces.

Investigation of emulsionsin the ECH process

To gainaclearer understanding of the role of emulsions played in the
ECH system, a series of control experiments was performed. First,
electrolysisinthe absence of aPd/CNT catalyst but with placing of the
Agfoil atthe oil-water interface (Table 1, no.1) produced trace amounts
of EB despite a current of larger magnitude (-339.8 mA), although
directed towards H, (FEy, = 94.9%). Therefore, a direct styrene ECH at
the Agfoil canbeignoredinthe emulsion system, further corroborat-
ing the catalytic role played by Pd/CNTs at biphasic interfaces. Next,
an emulsion system including molecularly modified CNTs(+) lacking
PdNPs (Table1, no.2)yielded only 0.6% of EB. This result demonstrates
the poor activity of metal-free CNTs(+) for styrene ECH and confirms
that Pd nanoparticles are responsible for the high electrocatalytic
activity in Pd/CNTs(+)-stabilized emulsion ECH systems. The third
control experiment was performed using Pd/CNTs(+) without emulsi-
fication (Table1, no.3) and thus dispersed in the aqueous phase. In this

configuration, 22.0% of EB yield and 21.9% of FE; were achieved, sub-
stantially lower than with the emulsified system. Moreover, conven-
tional single-phase electrolysis was tested, for which styrene was
solubilized in the electrolyte using ethanol as cosolvent and the
cathode—made of Pd/CNTs(+)—coated directly onto the Ag foil
(Table1,no.4).Electrolysis showed higher current compared with the
typical emulsion system (-102.5 versus —78.0 mA), but was mostly
directed towards HER (FE,;, = 79.4%) and only poorly towards EB
production (<20% yield and FE). These results indicate that HER
dominated the reaction pathway in the single-phase system, suggest-
ing that the biphasic interfacial environment around Pd/CNTs(+) is
crucial to favouring hydrogenation over HER.

To test thermochemical hydrogenation activity in the absence
of applied potential, the emulsion phase was saturated with pure H,
by maintaining a H, flow through the headspace while keeping other
conditions unchanged (Table 1, no.5). Under these conditions, the EB
yield in Pd/CNTs(+)-stabilized emulsions reached 40.0%, defining an
upper limit for the potential contribution of ‘classical’ hydrogenation
using H, in the emulsion system (H, concentration in the headspace
was <3 vol% during our standard electrocatalytic ECH, versus 100 vol%
in this reference experiment). In Pd/CNTs(-)-stabilized emulsions
a similar yield (42.3%) was obtained, indicating that the variation in
performance of Pd/CNTs(+) and Pd/CNTs(-) in emulsion ECH did not
originate from variationin their thermal catalytic activity.

The final control experiment (Table 1, no. 6) was performed in
the presence of pure H, in the headspace while applying potential
(-0.65 Vy,p) to the emulsion system, to identify any contribution of
electrochemically promoted catalytic hydrogenation to styrene con-
version. Following 50% of charge input (193 C), yields of EB (49.5%)
and FEg; (98.8%) were found to be very similar to those obtained
under standard conditions without H, after the same charge input,
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Table 2 | Hydrogenation of various alkenes using the emulsion ECH system

R N\/RZ 5 wt%Pd/CNTs(+) R1'N\/ R?
-0.65 Vgue R.T.
S SH,
Entry Substrate Product Conversion (%)* Yield (%)* FEgy (%) j~:‘;’2 (mA mg;;)
1 96.5 96.5 96.5 -150.9
©/\ ©/\
2 il Al . -121.
m /@/\ 99 99 98.9 5
3 921 921 92.0 -1021
o JOR
HeCO HsCO
4 83.2 83.2 83.8 -186.2
/©/\ /@/\
F F
5 99.0 99.0 (86.0)° 98.0 -151.6
/@/\ @/\
cl cl
6 33.0 33.0 32.8 -45.6
/@/\ /@/\
Br Br
7 /@/\ /@/\ 02 02 02 -03
| |
8 - = 57.4 574 57.3 -58.6
F N F.
F F F F
F F
9 95.9 95.9 95.9 -99.5
| AN
=
10 @/\/ @/\/ 874 874 872 -135.5
1 92.8 92.8 92.8 -254.0
12 P o~~~ T80 446° 445 -35.0
NN
13 == NN NN 0 - - -
NN N

Reaction conditions: 2mmol substrate, 10mg of catalyst (Pd/CNTs(+), 4.7umol Pd), 10 ml of cyclohexane, 0.5M H,SO,, room temperature, 386 C of electric charge; emulsification frequency, 5s
every 5min. ®Conversions and product yields determined by GC-FID. Isolated yield. “Other products are decene isomers.

indicating that electrochemically promoted catalytic hydrogenation
plays a negligible role in our emulsion system. This conclusion was
further reinforced by performing the reaction under D, (-0.65 Vi),
inwhichno substantial incorporation of deuteriumin EB was observed
(Supplementary Figs.16 and 17). We thus conclude, for our emulsion ECH
system, that theintermediate formation of H,as a hydrogenation agent
isbypassed. Theseresults exclude mechanisms based on electrochemi-
cally promoted thermal hydrogenation under our conditions, and show
that the hydrogenation process isindeed electrochemical in nature.

Withourapplied potential being far above the standard potential
of the styrene’/styrene couple (E° = -2.58 V versus saturated calomel
electrode (SCE))*, this rules out the occurrence of outer-sphere elec-
tron transfer to styrene generating freely diffusing radical styrene™
species. The absence of traceable amounts of radical coupling products
(see above) corroborates this point and suggests more generally that
long-lived radical intermediates are not formed during the process.
We thus disfavour mechanistic hypotheses where electronand proton
transfers to styrene would be separated (for example, in different
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phases) because these pathways would lead to polymerization prod-
ucts. Then, using neat styrene as the oil phase, we found that current
saturation occurs at potentials more negative than -0.75 Vg, (Sup-
plementaryFig.18). This pointindicates that the diffusion of substrates
(styrene or proton) is probably not limiting at our standard applied
potential (-0.65 V). Furthermore, we observed that selectivity to EB
remains close to unity and jlﬁg remains within the same order of mag-
nitude (inthe range -100 to -200 mA mg;é), while the concentration
in styrene spans almost more than two orders of magnitude (0.2 Mto
neat; Supplementary Table 2). These observations are consistent with
anapparent Oth order in styrene observed for the formation of EB (Fig.
3c). We also found that the Hammett plot obtained using various par-
asubstituted styrene substrates (see below) shows a very modest slope
(Supplementary Fig.19). These results collectively suggest that, under
our standard conditions, the diffusion of styrene is not limiting and
thatit haslittleinfluence onrate determination. Experiments with D,O
rather than H,0 show a minor normal kinetic effect (Supplementary
Fig. 20a) and confirm that H,O (in our standard aqueous electrolyte)
is the source of protons for the hydrogenation reaction (Supplemen-
tary Figs.21and 22). We thus propose that hydride formation or trans-
portattheinterface may berate determining, which would pointtoan
ECH mechanism thatinvolves the transfer of adsorbed hydrides to the
styrene substrate. Finally, the observed marked pH dependence ofjf,g
and FE;; (Supplementary Fig. 20b) can be explained by either aswitch
in mechanism or an alteration of ECSA with pH. We stress, however,
thattheintrinsic dependence of the physical properties of the emulsion
on the nature and concentration of substrates renders mechanistic
deconvolution highly challenging and prevents conclusive evidence
inthatregard.

We also demonstrate here that jggof the emulsion ECH system can
be further enhanced at a cost of slight compromise in regard to FE,
(Supplementary Fig. 23). Forexample, jt8increased to-368.7 mA mg}
when ECH was performed at -1.05 Vi, with FE; slightly decreased to
87.1%, presumably because the production rate of hydride from protons
in the aqueous phase exceeded its consumption rate in the oil phase.
Alternatively, maintaining the working potential at —0.65 Vg, while
adding an additional proton source (2 mmol octanoic acid) in the oil
phase also resulted in enhancement of jif, to -240.1mA mg,}, at
FEq; =92.5% (Supplementary Fig. 23). Thisincreased activity with added
octanoic acid is consistent with the potential involvement of protons
inrate determination under our conditions. We also note that octanoic
acid may play the role of a ‘proton shuttle’ by fostering the transfer of
protonsattheinterface. Moreover, the emulsion ECH system performed
similarly wellwhenreducing the amount of Pd/CNTs(+) (Supplementary
Fig.24). Theseresultsillustrate the huge potential of the emulsion ECH
systemworking at high current density while maintaining excellent FE.

Substrate compatibility

The versatility of the emulsion ECH system was explored by extending
substrate scope to other styrene derivatives and alkenes with astand-
ard concentration of 0.2 M in the oil phase. Encouragingly, excellent
yields, FE (FEsy,) and specific current density (j3?) were observed for
styrene derivatives possessing electron-donating or -withdrawing
groups in para position (Table 2, entries 2-6). In the case of the
monohalogen-substituted styrene derivatives (entries 4-7), no dehal-
ogenation was observed. The magnitude of jf,g’z decreased across the
halogen group (F > CI > Br > I). Interestingly, ECH of 4-fluorostyrene
(entry 4) proceeded ata jf,’;z notably magnified compared with that of
styrene derivatives having electron-donating groups, although ata
slightly loweryield and FEg,,,. While FE,;, and yields were still excellent
for 4-chlorostyrene (entry 5), both were reduced for 4-bromosyrene
and 4-iodostyrene (entries 6 and 7, respectively), presumably due to
unstable emulsions. The ECH product of 4-chlorostyrene was also suc-
cessfullyisolated after the reaction by filtering off Pd/CNTs(+), separat-

ing the organic phase and evaporating the solvent, from which we

obtained 1-chloro-4-EB at 86% yield (see Supplementary Fig. 25 for 'H
and ®C NMR spectra). Going from a monofluorinated phenyl ring
(4-fluorostyrene, entry 4) to a perfluorinated one (2,3,4,5,6-
pentafluorostyrene, entry 8) markedly slowed conversion. a- and
[-Methylstyrene were readily hydrogenated, giving the corresponding
products at highyield, FE and j3/? (entries 9-11). Interestingly, very
high jH2was observed for thealiphatic alkene norbornene, at excellent
yieldand FEg, In contrast, poor performance was found with1-decene,
for which incomplete conversion, several isomers and large amounts
of H, (0.6 mmol, 30% FE,;)) were observed (entry 12). In this case, hydro-
genation of the terminal double bond probably competed withisomer-
ization to internal positions, which are generally harder to
hydrogenate. Starting from trans-5-decene (entry 13) resulted in no
conversion (neither hydrogenation nor isomerization), confirming
that long-chain aliphatic alkenes—and especially internal ones—are
challenging to hydrogenate using this system.

Conclusions

Tosummarize, we developed here a Pickering emulsion system efficient
in the ECH of organic substrates with low water solubility. Molecular
functionalization was employed to generate positively charged CNTs,
whichwe used as support for catalytically active Pd nanoparticles. The
resulting Pd/CNTs(+) material acted as both stabilizer for Pickering
emulsions and electrocatalyst located at oil-water interfaces. The
design benefits simultaneously from the high ionic conduction and
proton concentration of the acidic aqueous electrolyte and the solu-
bilization of substrates in the oil phase. During reaction, positively
charged emulsion dropletinterfaces electrically connect to the nega-
tively charged Ag current collector and act as an extended cathode.
Taking styrene as a model substrate, the emulsion ECH system showed
current density as high as-148.1 mA mg;é, with FE to EB close to unity.
As compared with state-of-the-art P[d membrane reactors, this system
offers an improvement in hydrogenation FE, by 30-50%, at
Pd-normalized specific current densities one order of magnitude
higher. The performance of the emulsion ECH system was also observed
for many other water-insoluble alkenes. Simple, versatile and efficient,
this approach opens the way for the practical application of ECHto a
wide range of water-insoluble organic substrates.

Methods

Pretreatment of CNTs

The detailed preparation process can be found in the literature®.
Briefly, pristine CNTs were treated with a mixture of nitric acid and
sulfuricacid (1:1, nitricacid 65% and sulfuric acid 98%) to remove metal
impurities and generate oxygen-containing functionalities on the CNT
surface. In a typical procedure, pristine CNTs (10 g) were suspended
in 500 ml of the acid mixture and heated at 105 °C for 4 h. The solid
product was then washed several times with ultrapure water and dried
at100 °Cfor 20 h. The resulting product is CNTs(-).

Molecular modification of CNTs

Molecular modification of CNTs was carried out under argon using
standard Schlenk techniques. Specifically, in a Schlenk tube CNTs(-)
(200 mg) were added to thionyl chloride (4 ml, 55.2 mmol) and the
resulting mixture was stirred at 30 °C for 3 h. Thionyl chloride was
then removed under vacuum. Histamine dihydrochloride (172 mg,
0.94 mmol), anhydrous Dimethylformamide (DMF, 6 mL) and
1,8-Diazabicyclo[5.4.0]Jundec-7-ene (DBU, 0.4 ml) were mixed in a
small vial, yielding a clear solution. This solution was added to the
Schlenk tube containing the CNTs and the mixture was stirred at 60 °C
for5 h. Afterwards, CNTs were washed three times with an acetone:water
(8:2) mixture using a centrifuge and dried under vacuum. Then,
(3-bromopropyl)trimethylammonium bromide (245 mg, 0.94 mmol)
and DMF (10 ml) were added to dried CNTs and the mixture was stirred at
80 °Cfor 6 h. After coolingand washing three times with acetone:water
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(8:2), theresulting CNTs were redispersed in15 ml of acetone water (8:2)
and LiNTf, (270 mg, 0.94 mmol) was added. The mixture was stirred at
roomtemperature overnight, and CNTs(+) were collected after washing
three times with acetone:water (8:2) and drying.

Pd colloid preparation

A colloidal solution of Pd NPs was prepared by adaptation of a previ-
ously reported method*. Typically, in a Schlenk tube under argon
flow, Pd(acac), (75 mg, 0.25 mmol) was mixed with oleylamine (15 ml)
and stirred at 60 °C, resulting in a near-colourless solution. Borane
triethylamine (300 mg, 2.61 mmol) was solubilized in oleylamine (4 ml)
and theresulting solutionimmediately injected into the Pd-oleylamine
solution at 60 °C. The temperature was then increased to 90 °C
for 60 min. After reaction, the mixture was cooled to room tempera-
ture and 30 ml of ethanol added. The solid product was collected
by centrifugation, redispersed in 2 ml of hexane and stored at 4 °C
for future use.

Deposition of Pd nanoparticles on CNTs

Pd NPswere deposited on CNTs(—) or CNTs(+) with 5wt% loading.Ina
typical protocol, CNTs(+) (100 mg) were well dispersed ina mixture of
hexane:isopropanol (7:3,10 ml) by sonication. Next, 385 pl of prepre-
pared Pd NP colloidal solution (containing 5 mg Pd) was diluted in
2 mlof hexane and added to the CNTs(+) dispersion. The mixture was
further sonicated for 30 min and then left to stand for 1 h. The result-
ing solid product was washed once by acetic acid and three times by
hexane. Finally, the product was dried under vacuum to obtain the
electrocatalyst.

Electrochemical set-up and typical protocol

Theelectrolysis cell used in this work was customized in the workshop
of our institute. The cell consists of two compartments separated
byaglassfrit, withaninsituhomogenizerinstalled ontop of the cath-
ode compartment. Pickering emulsions were filled in the cathode
compartment while the reference electrode (RE; AgCl/Ag, saturated
KCl) and the counter electrode (CE; Pt wire) were inserted in the anode
compartment. During reaction, the homogenizer was intermittently
switched on and off by a digital timer at a frequency of 5s per 5 min.
Before performing electrohydrogenation, an air-tightness test was
conducted based on water electrolysis. As shown in Supplementary
Fig. 26b, the detected level of H, is in agreement with the theoretical
value expected from the charge input, which indicates a good tight-
ness of the cell.

In a typical protocol, the electrocatalyst (10 mg, 4.7 pmol Pd)
and H,SO, (10 ml, 0.5 M) were mixed in a 20 ml vial and dispersed by
sonication while styrene (2 mmol) was dissolved in cyclohexane (10 ml)
in another 20 ml vial. A H,SO, solution (65 ml, 0.5 M) filled the anode
compartment while electrocatalyst dispersion and styrene solution
were added to the cathode compartment. The mixture in the cathode
compartment was then emulsified by the homogenizer for 2 min to
generate Pickering emulsions. The headspace of the cell was purged
with an Ar flow (50 ml min™) for 10 min. After sealing all ports, REs and
CEswereinsertedinthe anode compartment and the electrolysis was
started. Electrolysis was recorded in potentiostatic mode at —0.65 V¢
with ohmic drop (iR) compensation in all cases. During electrolysis,
theelectrolyteinthe anode compartment was magnetically stirred at
300 r.p.m.while the emulsionin the cathode compartment was emul-
sified at a frequency of 5 s every 5 min; a thin spiral needle (0.4 mm)
piercing the rubber septum of the sampling port acted as a check
valvetorelease pressureinthe cell. After acertaintimeinterval, 0.5 ml
of emulsion was sampled and analysed by gas chromatography with
a flame ionization detector (GC-FID) using tetradecane as internal
standard. The headspace was analysed by GC-TCD using an autosam-
pler (sampling volume 0.4 ml). For electrolysis performed at —1.05 Vg,
the emulsification frequency was 5 severy 2 min.

Preparation of Ag foil coated with Pd/CNTs(+)

Pd/CNTs(+) (10 mg) were dispersed in 1 ml of isopropanol by sonica-
tionto obtaina‘catalystink’. This ink was then carefully dropped onto
the slowly rotating Ag current collector to enable it to cover agreater
surface area. After the first drop had dried, the coating process was
repeated until the entire Ag surface was covered and all the ink used
up. Afterwards, the current collector was placed in an oven at 70 °C
for 30 min to fully remove the solvent, and was then used for electro-
catalysis testing.

pH variation

To conduct electrolyses at varying pH, the pH of the electrolyte was
set by the addition of sulfuric acid or sodium hydroxide and the ion
strength of the solution kept constant by the addition of sodium sul-
phate. Reactions were stopped after a charge input 0f19.3 C.

RE calibration

The RE used in this work is a AgCl/Ag (saturated KCI) electrode. The
potential of the RE was calibrated versus the [Fe(CN)¢]*/[Fe(CN)4]*
couple in an electrolysis cell. Calibration was performed in 0.1 M
potassium phosphate buffer (pH 7.0), with a glassy carbon electrode
(0.07 cm?) and a platinum wire as the WE and CE, respectively. The
conversion of potentials against the normal hydrogen electrode (NHE)
potential was achieved using the following equation: Ey,cyag versus nie =
Ereanmy versus Nue = Ereqi/m versus agcrag. HET€, Erequymn versus agcyagr @nd
Ereaumversusnie (0425 V) represents the potential value for the [Fe(CN)o]*/
[Fe(CN)4]* couple determined experimentally versus the AgCl/Ag RE
and tabulated against the NHE, respectively”. A conversion value of
Engcyngversusnue = 128 mV was found. AgCl/Ag RE used in this work has
a potential of 146 mV versus RHE (abbreviated Vg, in the following)
(0.5MH,SO,, pH 0.3).

E,,. measurement of Ag foil

This measurement was performed in 0.5 M H,SO, electrolyte with Ag
foil (0.5 cm?), a platinum wire and a AgCI/Ag electrode as the WE, CE
and RE, respectively. Electrochemical impedance spectroscopy was
recorded at different potential scanning frequencies, from100 kHz to
100 MHz, with 20 points recorded per decade. The obtained spectra
were fitted using the circle-fitting tool in EC-Lab software (BioLogic)
to obtain the capacitance of the Ag foil at each potential. After plotting
capacitance versus potential (Fig. 3d), the potential corresponding to
the lowest capacitance valuerepresents E,,. of Ag foil. In our work, this
value was measured at around —0.49 to —0.52 Vi, slightly lower than
thatreported inthe literature®.

Double-layer capacitance measurement

Cyclicvoltammetry scans were recorded at four scan rates with amini-
mum of three cycles in the non-faradaic region, specifically between
146 and 96 mVy,:. Scanrates of 50,100,200 and 400 mV s were used.
The difference in currents at 121 mVy,,; between forward and reverse
scans of the second cycle was plotted against the scan rate. The slope
ofanaffinefitting of the resulting plots gives access to the capacitance
of the cathode electric double layer, which is proportional to the
ECSA of the cathode.

Data availability

Datathat support the findings of this study, including material charac-
terizations and catalytic measurements, are available within the paper
andits Supplementary Information files. Further requests about data
can be directed to the corresponding authors.
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