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The wide deployment of electrocatalytic hydrogenation may be hindered
by intrinsic limitations, including substrate solubility and difficult
separation of the products from the electrolyte. The use of palladium

membrane electrodes can overcome the aforementioned limitations by
physically separating the formation of reactive hydrogen atoms from the
hydrogenation of unsaturated organic substrates. Here, by taking advantage
of the low-potential oxidation of formaldehyde on a palladium membrane
anode to produce hydrogen that can permeate through the membrane
electrode, we demonstrate that electrocatalytic dual hydrogenation

of unsaturated dicarboxylic acids is possible when another palladium
membrane electrode is also adopted as the cathode. Such a design enables
the electrocatalytic hydrogenation of the same substrate at both the

anode and cathode in two separated chambers spatially isolated from the
electrochemical cell with a theoretical maximum Faradaic efficiency of 200%.

Hydrogenationplaysanimportantroleinthechemicalindustry because
nearly 25% of all chemical processes, ranging from petroleum refining
and chemical feedstock manufacturing to pharmaceutical synthesis,
consist of atleast one hydrogenation step™”. Currently, thermocatalytic
hydrogenationisthe dominant strategy, whichis typically conducted
athigh pressure and elevated temperature using molecular hydrogen
(H,) asboth the reductant and hydrogen source®”. The energy-intensive
nature of thermocatalytic hydrogenation calls for the development
of lower-cost and greener strategies. Against this backdrop, electro-
catalytic hydrogenationisregarded asanappealing alternative®'° and
indeed has beeninvestigated since the beginning of the last century".
The primary advantage of electrocatalytic hydrogenationis thatit can
be driven by renewable electricity under ambient conditions and use
water as the hydrogen source.

Electrocatalytic hydrogenation typically involves the generation
of adsorbed hydrogen (H*) on the cathode, which then hydrogen-
ates unsaturated substrates (Fig. 1a)". In this case, an oxidation reac-
tion simultaneously takes place at the counter electrode (that is, the
anode), which may yield a low-value product (for example, O,) and
pay alarge overpotential penalty due to its sluggish kinetics. Conse-
quently, aconsiderable amount of attention has recently been devoted

to exploring paired electrosynthesis, which enables the formation of
two value-added products at both the cathode and anode” ™. Never-
theless, the market-size mismatchin the hydrogenation and oxidation
products may lead to concerns regarding its large-scale deployment.
An additional challenge is to ensure that the electrochemical condi-
tions are suitable for both reductive and oxidative transformations.
Furthermore, only protic electrolytes can be used to generate H*,
which can limit substrate solubility and scope, while the addition of
co-solventslikely resultsinanincrease inresistance and hence the need
forahighvoltage. Finally, the downstream separation of products from
theelectrolyte should not be neglected and in some cases substantial
energy input is demanded™.

With these considerations in mind, we reasoned that it would be
economically attractive to develop an electrocatalytic dual hydrogena-
tionstrategy that enables the hydrogenation of the same organic sub-
strate if active H* could be generated on both the cathode and anode.
Furthermore, it would be even better if these hydrogenation steps
were to take place in two separated chambers spatially isolated from
the electrochemical reactor, thereby avoiding the later troublesome
separation of products from the electrolyte. Because of their unique
and efficient hydrogen absorption ability, Pd membrane electrodes
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were used to carry out hydrogenation in a chamber physically sepa-
rated from the electrochemical cell nearly two decades ago" . It was
reported that the H* generated from proton reduction on a Pd mem-
brane cathode can permeate through the membrane electrode to
another compartment where hydrogenation occurs (Fig. 1b). Following
the same strategy, more recently, Berlinguette et al. systematically
investigated hydrogenation reactions in separated chemical chambers
using Pd membrane reactors**?. Besides cathodic hydrogenation,
another oxidative transformation (for example, O, evolution or paired
organic oxidation) proceeded on the anode (for example, Pt) and the
overall voltage input of this type of electrolyser was usually larger
than 1.5 V. Even though Pd electrodes have long been known for their
hydrogen absorption and permeation capability?, it has never been
reported that such hydrogen permeation is feasible in Pd when used
asananode, probably because Pd is also awell-known electrocatalyst
of the hydrogen oxidation reaction (HOR)™.

ItisalsoknownthatPdiselectrocatalytically activein the oxidation
offormaldehyde following either aone-electron transfer (equation (1))
oratwo-electron transfer (equation (2)) process*.

HCHO + 20H™ — HCOO™ +1/2H, + H,0 + e~ 1)

HCHO + 30H™ — HCOO™ + 2H,0 + 2e~ )

We reasoned that, according to the one-electron transfer process,
if the anode-generated H* can permeate the Pd membrane anode to
another chamber that is not in contact with the electrolyte, then the
HOR could be avoided and instead hydrogenationin the outside cham-
ber might be feasible. Here we report that the low-potential oxidation
of formaldehyde to formate on Pd under alkaline conditions gener-
ates H*, which can indeed diffuse through the Pd membrane anode
to drive hydrogenation reactions on the other side in achamber spa-
tially separated from the electrochemical cell. Furthermore, as shown
in Fig. 1c, when two Pd membrane electrodes serve as the anode and
cathode, with formaldehyde and water acting as the proton sourcesin
the anolyte and catholyte, respectively, afour-compartment assem-
bly is able to realize electrocatalytic dual hydrogenation of the same
organic substrate in chambers outside of the electrochemical cell,
with a theoretical maximum Faradaic efficiency of 200% (that is, one
passed electron leads to two H* species). Finally, because of the favour-
able thermodynamic potential of formaldehyde oxidation to formate
following the one-electron transfer process in alkaline electrolytes
(E=-0.22V versus the reversible hydrogen electrode (RHE))*?°, we
found the onset voltage input of this four-compartment assembly to
drive the dual hydrogenation of maleic anhydride to produce succinic
acid, a valuable chemical feedstock, to be aslow as 0.4 V.

Results

Electrocatalytic dual H, production

Asacommodity chemical, formaldehyde has a variety of industrial and
medical applications and is also viewed as a liquid organic hydrogen
storage compound?*%, Anumber of thermocatalytic systems have been
reported tofacilitateits partial or complete dehydrogenation to release
H, under various conditions®. In alkaline electrolytes, a few electrodes
(forexample, Pd, Pt, Au, Cuand Ag) have been demonstrated to exhibit
electrocatalytic formaldehyde oxidation properties*?**°, Asshownin
Fig.2a, when acommercial Pd foil (Alfa Aesar) was used astheanode, a
rapid positive current rise was observed in 1.0 MKOH upon the addition
of 0.6 M HCHO when the scanning potential was more positive than
0.25V versus RHE. Further positive scanning resulted in the observa-
tion of gas bubbles emerging on the Pd surface. Supplementary Fig.1
shows that the observed anodic current was highly dependent on the
concentration of HCHO, with 0.6 MHCHO producing the highest cur-
rentdensity of ~28 mA cm™at 0.5 V versus RHE; further increasing the
HCHO concentrationled to adecreaseinthe anodic current, likely due
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Fig.1|Schematics of three different electrocatalytic hydrogenation designs.
a, Conventional electrocatalytic hydrogenation (ECH) at the cathode coupled
with water or organic oxidation at the anode. b, Electrocatalytic hydrogenation
onthe other side of aPd membrane cathode coupled with water or organic
oxidation at the anode in an electrochemical palladium membrane reactor
(ePMR). ¢, The proposed electrocatalytic dual hydrogenation strategy involves
the use of afour-compartment assembly with two Pd membrane electrodes to
enable hydrogenation to take place in two chemical chambers spatially separated
from the electrochemical cell in which formaldehyde oxidation takes place at the
anode with the generation of permeable hydrogen. Sub, substrate; Ox, oxidized;
Pd,, Pd anode; Pd, Pd cathode; PEM, proton exchange membrane; AEM, anion
exchange membrane.

to the disproportionation of HCHO at high concentration in alkaline
media (that is, the Cannizzaro reaction)®. To assess the impact of the
disproportionation products on the oxidation of HCHO, chronoamper-
ometry experiments were conducted with the sequential addition of
0.6 MHCHO followed by 0.1 M HCOOH or 0.1 M CH,OH. As shown in
Supplementary Fig. 2a, in the absence of HCHO, an extremely small
capacitance current was observed. Upon the addition of 0.6 MHCHO,
animmediate current rise was observed due to HCHO oxidation. After
the introduction of 0.1 M HCOOH, a small but apparent current drop
was observed, which was likely due to the competing adsorption of
formate anionsonthe Pd anode, leading to fewer active sites available
for HCHO oxidation. In contrast, as shown in Supplementary Fig. 2b,
the addition of CH;OH did not result in any change in the observed cur-
rent, suggesting that CH;OH could not be oxidized on Pd at this applied
voltage and did not suppress the oxidation of HCHO either. Further-
more, increasing the hydroxide concentration from0.1to1.0 Mled to
asteadyriseinthe anodic current when the electrolyte ionic strength
remained constant (Supplementary Fig. 3). Finally, the cation effect of
the supporting electrolyte was also probed: K* exhibited the highest
anodic current followed by Na“, Cs* and Li* (Supplementary Fig. 4).
Consequently, 1.0 M KOH was used as the supporting electrolyte for
all the subsequent experiments unless noted otherwise.

With the aim of developing a dual hydrogenation assembly, we
also collected the linear sweep voltammogram (LSV) of a commer-
cial Pd foil as a cathode in 1.0 M KOH. The LSV curve (purple curve) in
Fig.2awas obtained after several cathodic scans between0and-0.6 V
versus RHE until the Pd foil was saturated with absorbed hydrogen. It
was apparent that Pd was active towards water reduction and a cur-
rentdensity of over 50 mA cm™2could be reached within-0.5 V versus
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Fig.2| Comparison of electrocatalytic H, production and absorption

using Pd electrodes. a, LSVs of ablank Pd foil as the anode in 1.0 MKOH in the
absence (OER) and presence (FOR) of 0.6 MHCHO, and the LSV of a H-saturated
Pd foil as the cathode in 1.0 M KOH (HER) using an H-cell in a three-electrode
configuration. b, Profiles of electrocatalytic H, production on a Pd foil cathode
during electrocatalysis performed at applied currents of 20, 50 and 100 mA.

¢, Faradaic efficiencies of H, production on Pd foils acting as the cathode and
anodein an H-cell with a two-electrode configuration after passing 400 C
charge of electrolysis at applied currents of 20, 50 and 100 mA. d, Schematic

of the partial oxidation of HCHO followed by the HOR on a Pd anode immersed

Current (mA)

inthe electrolyte. e, Schematic of the new design consisting of aPd membrane
anode through which the generated H* can permeate to form H, on the other
side of theelectrode. f, Powder XRD patterns of pristine Pd, electrodeposited

Pd nanoparticles on pristine Pd foil (Pdy,/Pd), a Pd anode and Pd cathode after
passing 400 C charge of electrolysis at 50 mA, and the standard pattern of the
face-centred cubic phase crystal structure of Pd (bottom). g, Faradaic efficiency
of H, production on a Pd,/Pd membrane anode after passing 400 C charge of
electrolysis at 20,50 and 100 mA. The error bars indicate the standard deviations
from measurements performed in triplicate. OER, oxygen evolution reaction;
HER, hydrogen evolution reaction; FOR, formaldehyde oxidation reaction.

RHE. When this H-saturated Pd foil was used as the cathode for water
reduction electrolysis, linear H, evolution was detected over the entire
course of the electrolysis conducted at constant currents of 20, 50 and
100 mA (Fig. 2b); all matched the theoreticalamounts of H, production
derived from the passed charge very well. These results confirmed a
Faradaic efficiency (FE) of 100% for the H, evolution reaction (HER) on
aPd cathode. In contrast, when the same Pd foil was used as an anode
inthe chronopotentiometry experiments of HCHO (0.6 M) oxidation
in1.0 MKOH at applied currents 0f 20,50 and 100 mA, even though H,
wasindeed detected by gas chromatography (Supplementary Fig. 5),
the amounts of H, produced were far less than the theoretical values
based on passed charge. As shown in Fig. 2c, the calculated FEs of H,
production were all less than 30% on a Pd anode. Such a drastic dif-
ference in H, production efficiency implies that effective hydrogen
oxidation (H* > H* + e”) occurs on Pd when it acts as an anode, which
isinagreement with Pd being an active HOR electrocatalyst®. No CO,
was detected in the anodic chamber, indicating that HCHO was not
completely oxidized to CO, under these conditions. Because the Pd
foil as anode was completely immersed in the electrolyte (Fig. 2d),
the HOR was inevitable. However, this is not necessarily the case ifa Pd

membraneis used as the anode, when the other side of the membrane
isnotin contact with the electrolyte solution. As shownin Fig. 2e, this
new design using aPd membrane anode might provide an escaperoute
for the H*generated from HCHO oxidation on the electrochemical side
ofthe Pd membrane if hydrogen absorption into and diffusion through
the bulk Pd membrane is possible. The realization of this hypothesis
will enable H, evolution and hydrogenation in an adjacent chemical
chamber that is spatially separated from the electrochemical cell by
aPd membrane anode.

As it is well documented that the crystalline lattice of Pd will
expand following the absorption of hydrogen atoms®, we collected the
powder X-ray diffraction (XRD) patterns of Pd foils used as cathode and
anodeintheelectrolytic partial oxidation of HCHO for comparison with
that of apristine Pd foil (Fig. 2f). The pristine Pd foil presents character-
isticXRD peaks at40.1,46.5,68.0 and 82.0°, corresponding to the (111),
(200), (220) and (311) facets of its face-centred cubic (fcc) phase crystal
structure (JCPDS card no.46-1043), respectively. The lattice parameter
of the pristine Pd foil was calculated to be 3.895 A (ref. **), closely match-
ing the literature value of 3.889 A (ref.>*). As expected, the XRD peaks
of'the post-electrolysis Pd cathode were shifted to smaller angles, asa
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Fig.3|Electrocatalytic dual hydrogenation of maleic acid. a, A four-
compartment assembly for electrocatalytic dual hydrogenation using Pd
membrane electrodes as both the cathode and anode. b, LSVs obtained

from the above four-compartment assembly in the absence and presence of
0.6 MHCHO in the anolyte and from a three-compartment assembly using
aPdy,/Pd membrane cathode and aNi foam anode (Supplementary Fig.12).

¢, Chronoamperometry curve obtained from the above four-compartment
assembly at a cell voltage of 1.0 V on sequential addition of 0.6 M CH,0H, 0.6 M
HCOOH and 0.6 MHCHO to the anodic chamber. d, Chronopotentiometry
curves at a constant current of 10 mA from the same four-compartment
assembly with or without 0.6 MHCHO in the anodic chamber and from the
three-compartment assembly with no HCHO in the anodic chamber. e, Variation
intheyield and FE of succinic acid production with consumed charge using the

same four-compartment assembly. The purple and blue circles represent data for
succinic acid in the chemical cells next to the cathodic and anodic chambers of
the electrochemical cell, respectively. f, Variation in the yield and FE of succinic
acid (SA) production with consumed charge using the above four-compartment
assembly with or without 0.6 MHCHO and the three-compartment assembly. In
eandf, thefilled circles correspond to the results obtained after stirring for an
extra2 hafter the electrolysis had ceased, and the red dashed arrows indicate the
increase of the results obtained at the cease of electrolysis to those after an extra
2 hstirring. g, Variation in the amount of succinic acid produced with consumed
charge during electrolysis using the above four-compartment assembly at
applied currents of 10, 20 and 50 mA. h, Final total FEs for succinic acid obtained
after electrolysis at 10,20 and 50 mA. The error bars indicate the standard
deviations of FE from measurements performed in triplicate.

new 3-PdH, phase was formed after the absorption of hydrogen atoms
duringthe cathodic HER with alattice parameter of 4.049 A, anincrease
of 4.0% relative to the pristine Pd foil*. A nearly identical powder XRD
pattern was obtained for the Pd foil after acting as the anode for the
partial oxidation of HCHO (Fig. 2f). Inaddition, the Pd surface became
rougher after serving as either cathode or anode (Supplementary
Fig. 6). These results unambiguously prove that hydrogen absorp-
tion into the bulk Pd indeed occurred and that the Pd anode could
formthe same 3-PdH,phase during electrocatalytic HCHO oxidation.
Thus, thereisagreat chance that the absorbed hydrogen might diffuse
through the P[d membrane anode to the opposite side where hydrogen
recombination torelease H, (HER) may take place.

To increase the number of active sites for the HER, Pd was elec-
trodeposited on the side of the Pd membrane anode facing the out-
side chamber, resulting in a Pdy,/Pd membrane (see the Methods for
details)". XRD analysis confirmed that this new Pdy,/Pd membrane
electroderetained the same fcc phase structure as pristine Pd (Fig. 2f),
althoughits (111) crystalline facet at 40.1° was more pronounced. Scan-
ning electron microscopy (SEM) was conducted onthe side of the Pd,/
Pd membrane covered by electrodeposits and revealed auniformcover-
age of the Pd surface by porous Pd nanoparticles and nanosheets (Sup-
plementary Fig. 7). Accordingly, Pdy,/Pd achieved an ~80-fold increase
(Supplementary Fig. 8) in electrochemical double-layer capacitance
(11.0 mF cm™) compared with the pristine Pd membrane electrode
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Fig. 4| Electrocatalytic dual hydrogenation under various conditions. a,c,
Variationin theyield of succinic acid produced in the chemical chamber next to
the anode (a) and cathode (c) as the charge passed through the anode increases.
The electrolysis experiments were performed with 0.4, 0.6 or 0.8 MHCHO in the
anolyte atanapplied current of 50 mA. b,d, Variationin the yield of succinic acid
produced in the chemical chamber next to the anode (b) and cathode (d) as the
charge passed through the anode increases. The electrolysis experiments were
performed with 10, 50 or 100 mM maleic acid (MA) in the chemical chambers at
anapplied current of 50 mA. Ina-d, thefilled circles correspond to the yields
obtained after stirring for an extra2 h after the electrolysis had ceased, and the
dashed arrows inindicate the increase of the results obtained at the cease of
electrolysis to those after an extra 2 hstirring. e, Anodic FE (light shading) and
total FE (dark shading) of the electrocatalytic hydrogenation of maleic acid atan
applied current of 50 mA with varying HCHO and MA concentrations. The error
barsindicate the standard deviations of FE from measurements performed in
triplicate.

(0.134 mF cm™). To test the hypothesis that the Pd membrane anode
can provide an escape route for the absorbed hydrogen generated from
HCHO oxidation, chronopotentiometry experiments were conducted
at currents of 20,50 and 100 mA using the cell design shown in Fig. 2e
and the H, produced was quantified (Fig. 2g). The amounts of H, gener-
ated in both the anodic chamber and the adjacent chemical chamber
wererecorded separately. Inall cases, H, was detected as the sole gase-
ous product (Supplementary Fig. 9) and the amount of H, producedin
the chemical chamber was far greater than that producedin the anodic
chamber (Supplementary Fig.10). Depending on the applied current,
the total FE of H,generation on aPd membrane anode ranged from 92%
(20 mA) to 60% (100 mA), substantially higher than the values obtained
from a Pd foil anode fully immersed in the electrolyte. These results
unambiguously prove that the Pd membrane anode indeed provides
anescaperoute forabsorbed hydrogen to migrate to the opposite side.
The effect of potential onanodic H, production was also investigated by
applying different potentials (0.6,0.8 and 1.0 V versus RHE) using our
defaultanolyte (0.6 MHCHO in1.0 MKOH) withaPd membrane anode.

The amounts of H, generated and FEs are plotted in Supplementary
Fig.11; the data show that for a higher potential, a smaller amount of
H,was produced, accompanied by alower FE, whichis likely due to the
greater contribution of the HOR at higher applied potentials.

Electrocatalytic dual hydrogenation of maleic acid
The above results gave us the confidence to explore electrocatalytic
dual hydrogenation using our four-chamber assembly—an H-type elec-
trochemical cell connected to two hydrogenation chambers on each
sideby aPd membrane electrode. Figure 3ashows a photograph of our
home-builtreactor preparedinaccord with thisnew design. The hydro-
genation of maleicacid tosuccinicacid was selected asamodel reaction
assuccinicacidisanimportant building block for polymers, solvents,
fuel additives and pharmaceuticals, and is also among the US Depart-
ment of Energy’s Top 10 list of value-added platform molecules®.
Using our four-compartment assembly (Fig. 3a) with1.0 MKOH as the
catholyte and amixture of .0 MKOH and 0.6 MHCHO as the anolyte,
the two Pdy,/Pd membrane electrodesinatwo-electrode configuration
showed a rapid anodic current rise at ~0.4 V and a current density of
over15 mA cm?foravoltage input of 1.0 Vby linear sweep voltammetry
(Fig. 3b). In contrast, in the absence of HCHO, more than 2.5V was
required to reach the same current density using the same Pd,,/Pd
membrane electrodes for water splitting. If a competent OER elec-
trocatalyst such as nickel foam was used in place of the Pd membrane
anode, more than 2.0 V was still required to deliver a current density
of 15 mA cm™ (Fig. 3b) using a three-compartment assembly (Supple-
mentary Fig. 12). As commercial HCHO solutions contain methanol
as a stabilizer and its partial oxidation product formate can also be
oxidized, it was of critical importance to assess the selectivity of the
Pd membrane anode towards HCHO oxidation. As shownin Fig. 3¢, the
sequential addition of 0.6 M methanoland 0.6 M formic acid resulted
in anegligible current increase at a cell voltage of 1.0 V, whereas the
addition of 0.6 MHCHO led to animmediate anodic currentrise. These
results prove that the Pd membrane anode possesses excellent selectiv-
ity for the electrochemical oxidation of HCHO with low voltage input,
whichis not affected by the presence of either methanol or formate.
Next, chronopotentiometry was carried out with 50 mM
maleic acid in the hydrogenation chambers on both sides of the
four-compartment assembly. Compared with one-side hydrogenation
coupled with water oxidation on a Pdy,/Pd membrane or nickel foam
anode at the same current of 10 mA, our electrocatalytic dual hydro-
genation strategy saved around 1.7 or 1.0 V voltage input, respectively,
toreach thesame current (Fig. 3d). Quantification of the succinic acid
produced in the hydrogenation chamber connected to the Pdy,/Pd
cathode showed anearly linear increase in concentration with charge
consumed (Fig. 3e; see the Supplementary Information for quantifica-
tiondetails). At the end of the electrolysis, an 88% yield of succinic acid
was achieved (Supplementary Fig.13). Further stirring the hydrogena-
tionsolution for anadditional 2 hresulted in anincreased yield of 95%.
This suggests that any absorbed hydrogen remaining in the Pd,/Pd
cathode after electrolysis can continue to diffuse out of the cathode to
drive the hydrogenation of maleic acid. Accordingly, the calculated FE
alsoincreased from 88% to almost 100%, highlighting the preference
for hydrogenation over the HER. As expected, a similar amount of
succinic acid was produced in the hydrogenation chamber connected
to the Pdy,/Pd membrane anode (Fig. 3e and Supplementary Fig. 14),
corroborating our original hypothesis that hydrogen absorbedin a Pd
membrane anode would also diffuse from the electrochemical side to
the opposite side and undergo hydrogenation reactions. Furthermore,
stirring for an additional 2 hafter ceasing the electrolysis led to aslight
increaseinthesuccinicacidyield and FE. Overall, this electrocatalytic
dual hydrogenation strategy not only saved substantial voltage input
(Fig. 3d), but also doubled the succinic acid yield and total FE (total
FE =184%) compared with the one-side hydrogenation (FE = 90%)
coupled with water oxidation on a Pdy,/Pd membrane or nickel foam
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Fig. 5| Versatility of electrocatalytic dual hydrogenation. a, Production of
succinic acid from different biomass-derived unsaturated dicarboxylic acids.
Yield,, yield on anode side; Yield, yield on cathode side. b, LSVs of water splitting

and the HER coupled with FOR using 0.6 MHCHO or 20 g I PFA in the four-
compartment assembly. ¢, Photograph of the succinic acid synthesized by the
hydrogenation of 300 mM maleic anhydride.

anode (Fig. 3fand Supplementary Figs. 15 and 16) after passing the same
amount of charge. Variation of the applied current (10,20 and 50 mA)
in the chronopotentiometry experiments revealed that more charge
was required to realize the full conversion of maleic acid to succinic
acid at 50 mA (Fig.3g), and the corresponding total FE decreased from
184% at10 mA to177% and 126% at 20 and 50 mA, respectively (Fig. 3h
and Supplementary Figs.17-22), likely because the HER becomes more
competitive at higher rates of H* formation. Finally, the organic spe-
cies produced inthe anolyte during HCHO oxidation were quantified
and a carbon balance of nearly 100% was confirmed (Supplementary
Figs. 23-29). Besides the products of the Cannizzaro reaction, addi-
tional formate was produced from the electrocatalytic oxidation of
HCHOwithanFE close to 100%, suggesting that the HOR was negligible
under these conditions.

The decreasing FE of hydrogenation with increasing applied cur-
rent prompted us to perform electrolysis experiments in which the
concentrations of HCHO inthe anolyte and maleic acid inthe chemical
chamber were varied. As shown in Fig. 4a, when the concentration of
HCHO in the anolyte was increased from 0.4 to 0.8 M, there was no
appreciable differencein the productionrate andyield of succinicacid
(Supplementary Figs.30 and 31) when the electrolysis was carried out at
50 mA.Incontrast, when the maleic acid concentration in the chemical

chamber was reduced to10 mM, after passing the theoretical amount
of charge, theyield of succinic acid was only 13%, which was much lower
thantheyields obtained with higher concentrations (45% and 53% for
50 and 100 mM maleic acid, respectively; Fig. 4b and Supplementary
Figs.32and 33). However, simply continuing to stir the hydrogenation
solution for anextra2 hafter ending theelectrolysisled toanincrease
intheyield of succinicacid to nearly 60%in all cases. Similar phenom-
ena were observed for hydrogenation on the Pd membrane cathode
(Fig.4c,d and Supplementary Figs. 34-37). Finally, the anodic and total
FEsremained nearly constant when different concentrations of HCHO
and maleic acid were used (Fig. 4e). These results collectively indicate
that when the electrolysis was performed at a higher current (50 mA
compared with10 mA), not all the rapidly generated H* migrated to the
opposite side of the membrane for the hydrogenation of maleic acid
and the competing HER was likely to occur.

Electrocatalytic dual hydrogenation of maleic acid analogues

Besides maleic acid, other important biomass-derived platform mol-
ecules, such as fumaric acid and maleic anhydride, can also be used
as feedstock to produce succinic acid using our electrocatalytic dual
hydrogenation strategy (Fig. 5a). Fumaric acid, the Eisomer of maleic
acid, gave alower total FE of 130% (Supplementary Fig. 38), likely due
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Fig. 6| Investigation of the hydrogen source. a, Schematic of cathodic
deuteration coupled with anodic hydrogenation of 4-ethynylanilinein anon-
protic solvent (CH,CI,). b, High-resolution mass spectra of the products (shown

onthe right) obtained from the electrolysis of 4-ethynylaniline in the chemical
chambers next to the cathodic (purple) and anodic (blue) chambers, with the
theoretical mass spectrum of [CgH,;N + H]* (red) presented for comparison.

tothe steric hindrance of its trans configuration. In contrast, excellent
hydrogenation was achieved with maleic anhydride (total FE = 184%)
because of its ready hydrolysis to maleic acid in aqueous media (Sup-
plementary Fig.39)”. In fact, the industrial production of succinic acid
is currently dominated by the liquid-phase hydrogenation of maleic
anhydride, which is typically performed in the temperature range of
120-180 °C at a H, pressure of 5-40 atm (ref. **). Compared with the
liquid-phase and volatile HCHO stabilized by methanol, paraformal-
dehyde (PFA) is a cheaper, stable and solid-phase alternative that can
be depolymerized to HCHO in aqueous media. Thus, PFA can also be
used for hydrogen production®*°, Hence, we further explored the
low-potential oxidation of PFA on a Pd foil anode in a three-electrode
configuration (Supplementary Fig. 40a); a study of loading amount
indicated that 20 g1 PFA in 1.0 M KOH gave the highest anodic
current density of 44 mA cm™at 0.5V versus RHE (Supplementary
Fig.40b). When the four-compartment assembly (Fig. 3a) was charged
withanolyte containing 20 g I PFA, our Pdy,/Pd membrane electrode
couple exhibited a nearly identical LSV curve to that collected with
0.6 MHCHO (Fig.5b). Subsequent chronopotentiometry experiments

using 20 g I PFA in the anolyte with 50 mM maleic anhydride in both
hydrogenation chambers also gave high yields of succinic acid with
atotal FE of 180% (Fig. 5a and Supplementary Fig. 41). Moreover,
gram-scale production of succinic acid could be readily achieved by
increasingthe starting concentration of maleic anhydride. Forinstance,
300 mM maleicanhydrideresultedin 2.4 gsuccinicacid isolated with
high purity (Fig. 5c and Supplementary Fig. 42). Given the conveni-
entdecoration of Pd membrane electrodes by various hydrogenation
catalysts”, our reported strategy bears great promise for many organic
hydrogenation reactions and large-scale applications.

Hydrogen sourcein electrocatalytic dual hydrogenation

To examine the versatility of our strategy and also determine the hydro-
gen source for hydrogenation on each side of the four-compartment
assembly, 4-ethynylaniline, which is soluble in non-protic solvents,
was investigated as a model substrate. In these experiments, 1.0 M
KOD in D,0 was used as the supporting electrolyte with 20 g 1" PFA
inthe anolyte. As schematically shown in Fig. 6a, it was expected that
the deuterated product would be obtained on the cathode side, while
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the normal hydrogenation product would be formed on the anode
side. Indeed, chronopotentiometry at 50 mA using the same Pd,/Pd
membrane electrodesresulted in deuterated and normal 4-ethylaniline
on the cathode and anode sides, respectively, as confirmed by mass
spectrometry (Fig. 6b and Supplementary Figs. 43 and 44) and'"H NMR
spectroscopy (Supplementary Fig. 45). These results prove that the
hydrogen source for hydrogenation onthe cathode side is water, while
onthe anodeside it is PFA (thatis, HCHO).

Conclusion

Insummary, we have demonstrated that the low-potential oxidation of
formaldehyde onaPd membrane anode can produce active hydrogen
atoms that are able to permeate through the membrane electrode to
the opposite side for hydrogenation reactions. When two Pd membrane
electrodes are employed, our electrocatalytic dual hydrogenation
strategy enables the simultaneous hydrogenation of the same organic
substrate inchambers outside of the electrochemical cell. The hydro-
gensources for hydrogenation onthe cathode and anode are water and
formaldehyde, respectively. Compared with conventional one-side
electrocatalytic hydrogenation, our dual hydrogenation strategy can
saveatleast1Vvoltageinputand double the hydrogenationrate and FE.
Following this design, succinic acid can be successfully produced from
biomass-derived maleic acid, fumaricacid, or maleic anhydride. Given
the convenience of co-catalyst decoration of Pd membrane electrodes,
we anticipate that this electrocatalytic dual hydrogenation strategy
willbe applicable to many organic hydrogenation reactions, with great
potential for large-scale applications.

Methods

Electrochemistry

Allelectrochemical measurements were conducted on a VMP-3 poten-
tiostat (Biologic Science Instruments). All reported potentials are
referenced to the RHE by calibration using Pt as the working electrode
inH,-saturated 1.0 M KOH.

For the electrocatalytic oxidation of formaldehyde on Pd, a
two-compartmentelectrochemical cell separated by an anionexchange
membrane was used with Pd foil, Pt mesh and Hg/HgO (1.0 MKOH) as
the working, counter and reference electrodes, respectively. The Pd foil
workingelectrode and Hg/HgO (1.0 MKOH) reference electrode were
placedinthe anodic chamber, while the Pt mesh counter electrode was
placedinthe cathodic chamber. All linear sweep voltammetry experi-
ments were conducted using athree-electrode configurationatascan
rate of 10 mV s without iR correction.

Todetermine the electrochemical double-layer capacitance (Cy),
cyclic voltammograms were collected over a narrow range (60 mV)
centred around the open circuit potential (OCP) of each working elec-
trode ofinterest at scanrates varying from10 to 80 mV s™. The C, values
were then estimated by plotting the difference (j) between the anodic
() and cathodic (j.) current densities (j =j, —j.) at the OCP versus the
scanrate. Theresulting linear slopes are equivalent to 2C,,.

Catalyst preparation

Pd\,/Pd membrane electrodes were prepared by an electrodeposition
method using 15.9 mM PdCl,and 1.0 M HCl as the electrolyte. Specifi-
cally,aPd membrane, as the working electrode, was clamped between
an electrochemical chamber and a chemical chamber, and a Pt mesh
and aAg/AgCl (saturated KCI) electrode were used as the counter and
reference electrodes, respectively, in the electrochemical chamber.
Electrodeposition was performed at a constant potential of -0.2V
versus Ag/AgCluntil 16.75 C was passed.

Electrocatalytic dual H, production

For electrocatalytic dual H, production, a two-compartment electro-
chemical cell separated by an anion exchange membrane was used with
two Pd foils as the anode and cathode, respectively. The electrolytein

the cathodic chamber was 1.0 M KOH(aq) (40 ml), while the anodic
chamber contained 0.6 MHCHO in 1.0 M KOH (50 ml). Chronopoten-
tiometry experiments were conducted at 20,50 and 100 mA.

For electrocatalytic H, production on a Pd,,/Pd membrane anode,
athree-compartment assembly (Fig. 2e) was used with a Pdy,/Pd mem-
brane (area: 2.27 cm?) and a Pd foil (area: 2 cm?) as anode and cathode,
respectively. The Pd nanoparticle side of the Pdy,/Pd membrane faced
the chemicalchamber. The electrolytein the cathodic chamberwas1.0 M
KOH(aq) (40 ml), while the anodic chamber contained 0.6 M HCHO in
1.0 MKOH (50 ml); 40 mlwater was added to the chemical chamber. Chro-
nopotentiometry experiments were conducted at 20,50 and 100 mA.

Electrocatalytic dual hydrogenation

For the electrocatalytic hydrogenation of maleic acid, a four-
compartment assembly (Fig. 3a) was used with two Pdy,/Pd membrane
electrodes (area: 2.27 cm?) as the cathode and anode, respectively.
The Pd nanoparticle side of each Pdy,/Pd membrane faced the chemi-
cal chamber for the hydrogenation reactions. The electrolyte in the
cathodicchamberwas1.0 MKOH(aq) (40 ml), while the anodic chamber
contained 0.6 MHCHO in1.0 MKOH (50 ml); 50 mM maleicacidin water
(36 ml) was added to the hydrogenation chambers on both sides of
the electrochemical cell. LSVs were collected atascanrate of 10 mV s™
with 90% iR correction, while chronoamperometry experiments were
performed at 10, 20 and 50 mA. The final product was obtained as a
white solid after the evaporation of water. For comparison, a Ni foam
(1cm x 2.27 cm) was also used as the anode for water oxidation in the
absence of HCHO in the anodic chamber, with a Pdy,/Pd membrane
electrode as the cathode for one-side hydrogenation of maleic acid.

Similar conditions were used for the electrocatalytic hydrogena-
tion of fumaric acid. The only difference was that the concentration
of fumaricacid was 20 mM. Chronopotentiometry experiments were
carried outat10 mA.

Similar conditions were also used for the electrocatalytic hydro-
genation of maleic anhydride. In this case, 0.6 MHCHO or 20.0 g I PFA
was used in the anodic chamber. Chronopotentiometry experiments
were carried out at 10 mA. For the large-scale electrolysis experiment,
the concentration of maleic anhydride was 0.3 M. Chronopotenti-
ometry experiments were carried out at 20 mA until 1.5-fold of the
theoretical amount of charge for the complete conversion of maleic
anhydride to succinic acid was passed.

Isotope experiment

The same four-compartment assembly was used for cathodic deutera-
tion coupled with anodic hydrogenation of 4-ethynylaniline. The elec-
trolyteinthe cathodicchamber was1.0 MKOD in D,0 (40 ml), while the
anodic chamber contained 20.0 g I PFA and 1.0 MKOD dissolvedin D,O
(50 ml); 25 mM 4-ethynylaniline in dichloromethane (36 ml) was added
tothe hydrogenation chambersonboth sides. Chronopotentiometry
experiments were carried out at 50 mA.

Data availability

The data that support the findings of this study are included in the
published article and the Supplementary Information. Further queries
about the data can be directed to the corresponding author. Source
dataare provided with this paper.
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