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ABSTRACT: Electrocatalytic hydrodeoxygenation (EHDO) is a
promising approach for upgrading biomass-derived bio-oils to
sustainable fuels without the use of high-pressure hydrogen gas and
elevated temperatures. However, direct EHDO for realistic hydrophobic
lignin-based oil production remains challenging. Herein, we discuss the
molecular dynamics that govern the EHDO of lignin bio-oil over Pt/C
in an acidic electrolyte added with 2-propanol or a surfactant. Excellent
conversion (98.1%) and a high yield (79.0%) of hydrogenated products,
including 40.5% propyl-cyclohexane, are achieved under ambient
temperature and pressure. Experimental results and various inves-
tigations on molecular dynamics suggest that EHDO occurs at the
water-solvent-catalyst three-phase boundary. Proton transfer signifi-
cantly influences the current density of EHDO. Factors such as cluster size and vector of lignin-based oil to electrode govern the
selectivity and Faradaic efficiency of EHDO. This work advances the understanding of dynamics for EHDO and suggests governing
factors to improve it.

■ INTRODUCTION
To meet the increasing global demand for replacing petroleum-
based economies and achieving a carbon-neutral society,
sustainable energy sources are gaining significant attention.1,2

Among the various biomass components, lignin is a promising
renewable feedstock to produce liquid fuels and chemicals.3,4

The complex 3D structure of lignin, including carbon−oxygen
bonds in the phenyl ring, necessitates decomposition processes
such as pyrolysis and hydrothermal liquefaction for producing
bio-oils.5,6 Despite the decomposition process, lignin bio-oil
contains oxygenated functional groups, which lead to poor
stability and low heat values.7,8 Therefore, upgrading bio-oils
through hydrodeoxygenation (HDO) is necessary to produce
hydrocarbons that can be used as jet fuels.9,10 Conventional
thermocatalytic HDO is operated under high-pressure hydro-
gen gas and elevated temperatures. Therefore, accomplishing
HDO under low temperature and ambient pressure is a key
challenge for realistic lignin-based fuel production.11,12

Electrocatalytic HDO (EHDO) can be a promising
approach to remove the functional groups in bio-oils owing
to their mild reaction conditions.13−15 Recent reports have
proposed two types of EHDO methods: direct and indirect
methods. For direct EHDO, HDO occurs at the elec-
trode,16−18 while proton adsorbed Pt/C nanoparticles serve
as the active sites for indirect EHDO, and side reactions, such
as hydrogen production or the protonation of chemicals, occur
at the electrode for protonation of Pt/C.19−21 Recently, highly

efficient indirect EHDO of lignin-based monomers with good
hydrocarbon yield was achieved using a combination of a Pt/C
catalyst and polyoxometalates.19,22,23 Direct EHDO with a
small amount of Pt/C, without using expensive polyoxometa-
lates, has the advantage of economic efficiency. Various lignin-
oil model compounds have been studied for EHDO using a
metal catalyst such as Pt,19,21−23 Ru,18 and Ni.24,25 However,
the low selectivity and Faradaic efficiency (FE) of direct
EHDO remain critical challenges. Furthermore, a real lignin
derived bio-oil contains further hydrophobic moieties than the
generally studied model compounds, making it difficult to use
an aqueous electrolyte system.24,26,27 To address these
challenges, a detailed discussion of critical descriptors for the
EHDO of hydrophobic lignin-derived bio-oils is required.
Herein, we discuss the factors governing the direct EHDO of

lignin-based oils to produce hydrocarbon fuels (Figure 1). To
simulate real lignin-derived oils, which contain both hydro-
philic and hydrophobic moieties, we selected 2-methoxy-4-
propylphenol (2M4P) as the main model compound. 2M4P
contains a hydrophobic propyl group and three functional
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groups that can be electrochemically reduced: a phenyl ring, a
hydroxyl group, and a methoxy group. To elucidate the effect
of the hydrophobic group, phenol (without propyl and
methoxy groups) and guaiacol (without propyl group) were
also studied as models. For electrochemical tests, we used an
H-type cell with Pt/C-coated carbon felt as the cathode, a
bipolar membrane, and different acidic media on the cathode
side (Figures S1−S3). The electrolyte composition, such as the
proton concentration, isopropyl alcohol (IPA) ratio, and
surfactant, was varied to identify the factors that govern the
EHDO of the model compounds. Our analysis suggests that
dynamics in the electrolyte, including the hydrogen bond

network, vector of reactants, and cluster size, govern the
EHDO of lignin-based oil.

■ RESULTS AND DISCUSSION
Effect of Proton on the EHDO of Lignin-Based Oil.

EHDO experiments were conducted in a 0.1 M HClO4
electrolyte with 40% IPA added using a bipolar membrane
and Pt/C-coated carbon felt cathode. Considering the poor
water solubility of 2M4P, IPA was used for its dissolution in
the aqueous electrolyte (Figure S4). After screening several
metal candidates, Pt was selected as the electrocatalyst for
EHDO owing to its high catalytic selectivity and good stability

Figure 1. Illustration of the upgradation of lignin-derived oils via EHDO. Lignin-derived oils can be reduced to produce jet fuels through the
EHDO approach. 2-Methoxy-4-Propylphenol, a model compound with hydrophobic and hydrophilic moieties, is converted to alkyl-cyclohexane
over a Pt/C cathode.

Figure 2. Proton effect on the EHDO of lignin-based oil. (a) Cyclic voltammograms recorded at different pH in 0.1 M HClO4 with 40% IPA and
10 mM 2M4P (an H-cell with a Nafion 117 membrane and Pt/C-coated carbon felt cathode was used). (b) EHDO of 2M4P at different pH. (c)
Calculated hydrogenated functional group ratios and total current densities of 2M4P subjected to EHDO at different pH. (d) Calculated
hydrogenated functional group ratios and total current density of phenol and guaiacol subjected to EHDO at different pH.
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(Figures S5−S8). An optimal potential of −0.1 V [vs a
reversible hydrogen electrode (RHE)] was applied for
achieving high FE and avoiding vigorous hydrogen evolution
reaction (HER) (Figure S9). To calculate the FE of EHDO,
the reaction pathway for the reduction of the methoxy group
was elucidated by gas chromatography (GC; Figure S10).
Hydrogen was detected due to the occurrence of HER as a side
reaction during EHDO. CH4 was rarely detected, indicating
that the methoxy group was reduced to methanol rather than
methane and water.
To investigate the role of proton, the EHDO reactions of

2M4P, phenol, and guaiacol were evaluated for 1 h under
different pH values (Figures 2 and S11−S13). The current
density increased significantly at a high proton concentration,
indicating that the proton is the main reactant and hydrogen
source for electrochemical reduction (Figure 2a). Figure 2b
presents the FE and selectivity for the EHDO of 2M4P. The
highest selectivity (62%) for the fully saturated target product,
propyl-cyclohexane, was obtained with a satisfactory total FE
(47.6%) at pH 1. The ratios of the reduced functional groups
of 2M4P at different pH and the corresponding current
densities in Figure 2c further illustrate the effects of the proton.
Figure 2c clearly suggests that the current density of the system
and reduction selectivity of the phenyl ring are predominantly
determined by the proton concentration, further verifying that
the proton is the highly active reactant in the reduction of the
phenyl ring at the Pt/C-coated cathode. The EHDO selectivity
of the methoxy group increased marginally with increasing pH,
indicating its lower sensitivity to proton. The EHDO
selectivities of the phenyl and methoxy moieties of guaiacol
followed trends similar to those of 2M4P (Figure 2d).

However, phenol showed a high EHDO selectivity for the
phenyl ring in the pH range of 0−2.
Effect of IPA on the EHDO of Lignin-Based Oil. To

investigate the EHDO selectivities of different functional
groups, reactions were conducted with different IPA ratios and
a fixed HClO4 concentration of 0.1 M (HClO4 is a strong acid,
expecting similar pH values at different IPA ratios).
Interestingly, IPA affects not only the solubility of 2M4P but
also the HER activity (Figure 3a). As the amount of proton
(the HER reactant) is constant, we estimated that HER activity
is influenced by not only proton concentration but also proton
transfer. This can be inferred that IPA influenced proton
transfer. Proton transfer mechanisms in electrolytes can be
classified into two types: (i) Grotthuss mechanism involving
rapid proton transfer through hydrogen-bonded networks in
water and (ii) vehicle mechanism involving the diffusion of
protonated species.28,29 We anticipated that IPA would break
the hydrogen bond network, thereby reducing the current
density. As shown in Figures 3b, S14, and S15, both the FE
and the EHDO selectivity of 2M4P increased significantly as
the IPA ratio increased from 20 to 40%. At >40% IPA, the FE
decreased with the increasing IPA ratio. The EHDO
selectivities of the hydroxyl and methoxy groups increased
with an increasing IPA ratio, whereas that of the phenyl ring
decreased (Figure 3c). Similar trends were observed for the
EHDO selectivities of phenol and guaiacol (Figures 3d and
S16). Interestingly, the FE trend relative to the IPA ratio of
phenol and guaiacol differed from that of 2M4P, indicating
that the hydrophobicity of the lignin-based oil component
affects the FE of EHDO. These results suggest that not only

Figure 3. Effect of isopropanol (IPA) on the EHDO of lignin-based oil. (a) Cyclic voltammograms recorded in 0.1 M HClO4 electrolytes with 10
mM 2M4P and different IPA ratios. (b) EHDO of 2M4P at different IPA ratios. Error bars indicate the standard deviations of three independent
measurements. (c) Calculated hydrogenated functional group ratios and FE values for the EHDO of (c) 2M4P and (d) phenol and guaiacol at
different IPA ratios. (e,f) ATR-IR spectra of 0.1 M HClO4 with 100 mM 2M4P and different IPA ratios. Dash lines in (e) and (f) represent the
peaks of 2M4P and IPA, respectively.
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chemical concentration but also molecular dynamics factor
such as hydrophobicity part is a key factor for EHDO.
To understand the EHDO trend according to the IPA ratio,

attenuated total reflection infrared (ATR-IR) spectra of
different electrolytes were obtained by focusing on the bottom
fraction of the solution (Figures 3e,f, and S17). In Figure 3e,
the peak at 1512 cm−1, corresponding to aromatic C�C in
2M4P, of neat 2M4P is identical to that in an IPA-free
electrolyte and slightly shifted at 20% IPA. When the IPA
content exceeded 40%, the 2M4P peak weakened and shifted
considerably, indicating that 2M4P was completely dissolved at
40% IPA. According to the previous studies on water−alcohol
mixtures, molecular dynamics change with the alcohol/water
ratio and can be investigated using various spectroscopic
techniques.30−32 The IR peak at ∼2960 cm−1, attributed to the
O−H stretching of IPA, shows a red shift below 40% of the
IPA ratio and a blue shift above 40% IPA. The reversal of the
IPA peak shift at 40% IPA indicates the phase transition of the

IPA−water mixture, which significantly changes the EHDO
selectivity. This analysis suggests that molecular dynamics in
the electrolyte govern the selectivity of EHDO.
Effect of the Reactant Vector and Cluster Size on

EHDO. To further control the molecular dynamics of the
EHDO system, sodium dodecyl sulfate (SDS), a surfactant,
was added to the 0.1 M HClO4 electrolyte. Several recent
studies have reported that the efficiency of electrochemical
organic conversion reactions can be enhanced by utilizing
surfactants to tune the reaction microenvironment.33−35 SDS
was expected to not only enhance the solubility of 2M4P in 0.1
M HClO4 without IPA but also change the vector of 2M4P
with respect to the electrode (Figure S18). Surfactants such as
SDS form micelles when their concentration exceeds the
critical micellar concentration.36−38 As shown in Figure 4a, in
the presence of SDS micelles, 2M4P is expected to be aligned
with its hydrophilic domain facing outward and hydrophobic
domain (propyl group) positioned inward or parallel to the

Figure 4. Effect of SDS on the reactant vectors and cluster size of the solvent. (a) Scheme of vectors of 2M4P molecules with respect to the
electrode before and after SDS addition in the electrolyte. (b) EHDO of 2M4P at different SDS concentrations. Error bars indicate the standard
deviations of three independent measurements. (c) Stability of the EHDO of 2M4P at 10 mM SDS over 24 h and yields of the total and each
product. Error bars indicate the standard deviations of five independent measurements. (d−f) Hydrogenated functional group ratios and FE of
2M4P EHDO at different SDS concentrations in 0.1 M HClO4 solutions with (d) 0%, (e) 40%, and (f) 90% IPA. (g) Surface tensions of 0.1 M
HClO4 solutions with different IPA ratios and SDS concentrations. (h) XPDF and (i) dynamic light scattering analysis of 0.1 M HClO4 in 90% IPA
in the presence and absence of 10 mM SDS.
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water-micelle interface.38,39 The EHDO FE and selectivity of
2M4P were evaluated at −0.1 V for 1 h at different SDS
concentrations in 0.1 M HClO4 without IPA (Figures 4b, S19,
and S20). In this situation, SDS has no significant effect on
HER activity at low concentration (below 100 mM) owing to
its lower concentration than the IPA experiment (Figure S21).
This provides advantages to high current densities and allows
focusing on the effects of the reaction vector. The FE and
selectivity of the EHDO of 2M4P were substantially improved
at SDS concentrations exceeding 1 mM, indicating the positive
role of SDS in the EHDO system. However, the FE decreased
at 100 mM SDS because the excess SDS impedes the transport
of reactants to the electrode. In the 24 h test with 10 mM SDS,
the direct EHDO system exhibited 98.1% conversion with a
high yield of the hydrogenated products of 79.0%, which
includes 40.5% propylcyclohexane (Figures 4c, S22, and S23).
The FE of the 24 h test is lower than that of the 1 h test owing
to the low reactant concentration (Figure S24), rather than
metal leaching in acid and the change of SDS (Figures S25 and
S26). This result highlights the feasibility of obtaining a high
hydrocarbon yield via the EHDO of the bio-oil under ambient
temperature and pressure, in stark contrast with the previous
studies on EHDO performed at a high temperature under high
H2 pressure.
Additional EHDO experiments on 2M4P were conducted by

varying both the SDS concentration and IPA ratio to analyze
the factors governing the FE and selectivity of EHDO (Figures
4d−f, S27 and S28). At 40 and 90% IPA, the reactant was
completely soluble in the electrolyte. Thus, in this case,
molecular dynamics would be a key factor to determine FE and
selectivity of EHDO. At 40% IPA, the FE of EHDO decreased
with increasing SDS concentration, whereas it increased with

SDS concentration at 90% IPA. The EHDO selectivities of
different functional groups exhibited a reverse trend compared
to that of the FE. For comparison, the effect of SDS on the
EHDO of guaiacol was also examined (Figure S29). Water-
soluble guaiacol showed little difference with SDS addition,
indicating that SDS affects the interface of hydrophobic and
hydrophilic components in the electrolyte.
To rationalize the trend of EHDO with respect to SDS and

IPA factors, various analyses were conducted to comprehend
their molecular dynamics of the electrolyte. Surface tension
analyses revealed the critical micelle concentration of SDS (1
mM), indicating that the micelles formed at 10 mM SDS
concentration orient the 2M4P molecules favorably, leading
high selectivity in EHDO (Figure 4g). X-ray particle
distribution function (XPDF) and dynamic light scattering
(DLS) analyses of 0.1 M aqueous HClO4 solutions with
different SDS and IPA concentrations were conducted to
monitor the distribution of water and IPA clusters in the
electrolyte. The electrolyte without IPA (0.1 M HClO4)
provided a clear O−O intermolecular peak, and 100% IPA
exhibited C−C and C−O, intramolecular and intermolecular
peaks, respectively (Figures 4h and S30). The 0.1 M HClO4
electrolyte with 40% IPA yielded broad peaks for IPA and
water, indicating that the two media were well mixed. When
SDS was added to 0.1 M HClO4 with 40% IPA, the peak
shapes of IPA and water sharpened, suggesting that SDS
separated the mixed IPA and water phases. However, the water
peak of the electrolyte with 90% IPA broadened after the SDS
addition. This phenomenon was also observed in DLS studies
(Figures 4i and S31). When SDS was added, the average
cluster size of the electrolyte with 40% IPA increased, whereas
that of the electrolyte with 90% IPA decreased. Interestingly,

Figure 5. EHDO for converting various functional groups of bio-oils. (a) Results of 1 h EHDO tests of lignin-derived dimers in 0.1 M HClO4 with
10 mM SDS. Results of (b) 1 h and (c) 24 h EHDO tests of other lignin-derived monomers in the presence of 10 mM SDS. (d) Results of the 1 h
EHDO of 2-methoxy-4-propyl-cyclohexanol in the presence of 10 mM SDS. (e) Possible difficult and facile reaction pathways to produce propyl
cyclohexane. (f) Illustration of vertical and horizontal vectors of 2M4P molecules toward the electrode for EHDO of oxygenate functional groups.
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these trends are similar to that of the FE of EHDO, implying
that the FE is highly influenced by the cluster size of the
electrolyte. According to molecular dynamics studies of water/
alcohol mixtures, the cluster size of the solvents increases, and
the solvent mixing degree decreases as the water or alcohol
content is increased. This explains the larger cluster size of the
90% IPA case relative to that of the 40% IPA case.30,40,41 The
surfactant not only forms micelles that segregate hydrophobic
and hydrophilic molecules but also stabilizes immiscible
liquids. Based on the XPDF and DLS results, we infer that
SDS further separates IPA and water clusters and increases
their size in the 40% IPA case. However, SDS distributes the
water clusters in large IPA clusters at 90% IPA, decreasing the
average cluster size of the electrolyte.
Versatility of EHDO in Converting Various Lignin-

Derived Chemicals. The EHDO reactions of other lignin-
derived oxygenated molecules were investigated to verify the
scalability of the methodology proposed in this study. Dimers,
including benzyl phenyl ether, diphenyl ether, and p-tolyl
ether, which have lower solubility than 2M4P in the electrolyte
at 10 mM SDS, owing to their hydrophobic functional groups,
exhibited low FEs at 10 mM SDS (Figures 5a and S32). When
40% IPA was added instead of SDS, the FE values of EHDO
increased but were still lower than those of 2M4P (Figures S33
and S34). These results indicate that controlling the vector of
the target ether linkage in the dimer is challenging for direct
EHDO (Figure S35).
When EHDO experiments on other monomers, including

eugenol, isoeugenol, and dihydroconiferyl alcohol, were
conducted at 10 mM SDS (Figures 5b and S36), and eugenol
and isoeugenol easily converted to 2M4P, indicating that the

C�C bond is easily hydrogenated under EHDO conditions.
After a 24 h test, both eugenol and isoeugenol were completely
converted, providing total hydrocarbon yields of 61.7 and
85.5%, respectively, and exhibited product selectivity similar to
that of 2M4P (Figures 5c and S37). In contrast, dihydroco-
niferyl alcohol was converted to cyclohexyl propanol with 98%
selectivity. The electrolytes added with IPA and IPA/SDS also
exhibited low selectivity for propyl-cyclohexane, suggesting
that the low reducibility of the propyl hydroxyl group is not the
vector problem (Figure S38). This phenomenon was also
observed in the EHDO of 2-methoxy-4-propyl-cyclohexanol
(Figure 5d). Hydroxyl and methoxy groups attached to the
cyclohexane ring were rarely reduced by EHDO, indicating
that oxygenated groups such as hydroxyl and methoxy groups
linked to a C−C single bond resist electroreduction compared
to those linked to C�C bonds or phenyl rings (Figure S39).
These results indicate that the hydroxyl and methoxy groups
on a phenyl ring can be reduced before the reduction of the
phenyl ring itself (Figure 5e). The low selectivity at high
proton concentrations and low IPA and SDS concentrations
can be explained by the rapid electroreduction of phenyl ring.
Therefore, we propose that vector-controlled direct EHDO is a
crucial strategy for the electroreduction of oxygenated groups
(Figure 5f). Roke et al. reported that SDS in a water/oil
mixture can be disordered and partially oriented vertically,
rather than horizontally with respect to water, which is the
normally expected arrangement.36 Thus, lignin-based chem-
icals, such as 2M4P, can possess both horizontal and vertical
vectors to the electrode. The vertical vector of the reactant
allows the reduction of both oxygenated functional groups and
hydrophobic moieties, such as the phenyl ring and C�C bond

Figure 6. Proposed governing factors related to the molecular dynamics of the electrolyte for EHDO. Scheme of the alignment of the reactant in
the electrolyte and the interaction with the catalysts at the three-phase boundary of the reaction system. The illustrations with blue and pink
backgrounds in the scheme represent clusters of electrolyte and the solvent for dissolving reactant, respectively. The black, white, and red balls
represent carbon, hydrogen, and oxygen atoms, respectively.
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on the alkyl chain. The horizontal vector of the reactant is
expected to be more favorable for the reduction of oxygenated
functional groups, such as hydroxyl and methoxy functional
groups. The high magnitude of the horizontal vector for
chemicals ensures that oxygenated groups contact the catalyst
more quickly and efficiently than the phenyl group, potentially
enhancing the selectivity and FE of EHDO.

■ DISCUSSION OF KEY GOVERNING FACTORS FOR
EHDO

From the experimental EHDO results obtained by adding IPA
and SDS to the acidic solution, we propose the factors that
govern the efficiency of the direct EHDO of a lignin-based oil
containing both hydrophilic and hydrophobic components
(Figure 6). It is clear that proton is the main hydrogen source
for the EHDO and lignin-based chemicals with hydrophobic
parts dissolve in IPA or SDS component. Thus, the EHDO
reaction would mainly occur at three-phase boundaries
between the proton conductive electrolyte (water phase),
solvent used for reactant such as lignin oil, and active catalyst
sites. We speculate that the formation of this interface is highly
dependent on molecular dynamics in the electrolyte.
Hydrogen bond network providing rapid proton transfer is

related to the connection of water clusters and governs the
current density of EHDO system.42,43 The cluster sizes of
water and the solvent used for lignin-based oil govern the
proportion of the three-phase boundary in the electrolyte. A
reduced cluster size increases the interfacial area of each
cluster, increasing the possibility of contact with a catalyst site,
thereby enhancing the FE of the EHDO. EHDO results for the
selectivity of functional groups indicate that proton adsorbed
Pt/C sites are highly active for the electroreduction of the
phenyl ring. The other governing factor for EHDO of other
functional groups is expected to be the reactant vector in the
solvent. The ideal solvent for hydrophobic chemicals would
push the hydrophilic part of the reactant molecule toward the
interface with water, which is the target of EHDO. This would
be the origin of the reactant vector with respect to the
electrode and governs the FE and selectivity of EHDO by
determining the location and arrangement of reactants in the
electrolyte.
To understand the EHDO selectivities of different functional

groups, horizontal and vertical vectors should be considered
for various lignin-based chemicals. To estimate the horizontal
vector for each condition, we investigated the FE for the
reduction of the C�C bond in eugenol (Figure S40). We
suppose that the low FE for eugenol represents a higher
horizontal vector than a higher horizontal vector. A high
content of IPA or SDS in the electrolyte would enhance the
horizontal vector of reactant by rearranging it, leading to a
relatively high EHDO for oxygenated functional groups.
However, it would also increase the solvent cluster size and
break the hydrogen bond network, reducing the FE and
current density of the EHDO. Therefore, the EHDO system
should be optimized by considering the molecular dynamics in
the electrolyte. This discussion provides an understanding of
how various factors of molecular dynamics affect EHDO and is
expected to facilitate the design of EHDO systems tailored to
various target chemicals.

■ CONCLUSIONS
We discussed key descriptors that affect the performance of
direct EHDO of lignin-based oil, such as the current density,
FE, and reduction selectivity of various functional groups. A
heterogeneous H-type electrochemical system with a HClO4
solution, bipolar membrane, Pt/C-coated carbon felt cathode,
and IPA (and/or SDS) additive was used to investigate the
EHDO of 2M4P selected as the main model of lignin-based oil.
When 10 mM SDS was introduced into the 0.1 M HClO4
electrolyte, 64.3% FE and 58.9% selectivities to propyl-
cyclohexane were achieved in a 1 h test, while 98.1%
conversion with a high yield of total hydrogenated products
(79.0%), which includes 40.5% propyl-cyclohexane, was
achieved in a 24 h test. According to experimental results
and characterization, we suggest that EHDO occurs at three-
phase boundaries between the proton conductive electrolyte
(such as aqueous HClO4), the solvent used for reactant
dissolution (such as IPA), and the catalyst active sites. The
three-phase boundaries depend on the governing factors
related to molecular dynamics. Factors that affect the transfer
of proton as a main hydrogen source for EHDO reaction, such
as proton concentration and hydrogen bond network,
determine the current density of EHDO system. The cluster
size of water and solvent used for reactant dissolution affects
the formation of three-phase boundary, influencing the FE of
EHDO. The reactant vectors, including horizontal and vertical
vectors, govern the selectivity of various functional groups for
EHDO. Oxygenated functional groups on the phenyl ring can
be reduced before the phenyl ring itself is reduced, and the
horizontal vector of the reactant is expected to be more
favorable for reducing oxygenated functional groups. These
findings improve the understanding of EHDO system from the
viewpoint of molecular dynamics and provide valuable insights
into designing electrocatalytic organic conversion systems.

■ EXPERIMENTAL SECTION
Preparation of Electrodes. Typically, 6.0 mg of Pt/C and 10 μL

of a 5 wt % polytetrafluoroethylene solution were added to an IPA/
deionized (DI) water mixture (1:1, v/v), and the resulting mixture
was sonicated for 15 min using an ultrasonic processor (VCX 500,
Sonics & Materials) equipped with a 6 mm tip to prepare a
homogeneous suspension. Sonication was performed at an amplitude
of 40% and a pulse of 20 s and 10 s. Then, the suspension was drop-
casted on carbon felt (1.5 cm × 2.0 cm) to form a uniform layer of
Pt/C with 2.0 mg cm−2 loading and dried in air overnight. The
obtained electrode is listed as Pt/C−CF.
Other catalysts were synthesized via an electrodeposition method

using a 3-electrode system in a 0.5 M Na2SO4 solution containing 10
mM relevant metal precursors (Supporting Information and
Chemicals). Two pieces of carbon paper were employed as the
working and counter electrodes, and Ag/AgCl was used as the
reference electrode. Cyclic voltammetry (CV) was conducted for
metal deposition in the voltage range of −0.5 to +1.7 V at a scan rate
of 100 mV s−1 for 50 cycles. Then, the carbon paper was rinsed with
DI water and dried in the air. The obtained material is noted as ed-M-
CP (including ed-Pt-CP, ed-Rh-CP, ed-Ni-CP, ed-Au-CP, ed-Ir-CP,
ed-Co-CP, ed-Fe-CP, ed-Ag-CP, ed-W-CP, ed-Mg-CP, ed-Pd-CP, and
ed-Ru-CP).
EHDO Experiments. An H-cell composed of three electrodes was

used for the EHDO experiments. A bipolar membrane was used to
prevent the crossover of the organic solvent along with chemicals
(Figure S41). 40 mL portion of HClO4 solution with additives (such
as IPA and/or SDS) and 40 mL of 0.1 M NaOH solution were
applied as the catholyte and anolyte, respectively. The catalyst-coated
carbon felt was used as the working electrode, and a platinum wire
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and Ag/AgCl were employed as counter and reference electrodes,
respectively. Electrochemical tests were performed using a potentio-
stat (VSP-3e, BioLogic). For all EHDO tests, the initial reactant
concentration was set as 10 mM, unless otherwise specified.
Continuous stirring at 600 rpm was performed at the cathode side
before and during every test to ensure the homogeneous distribution
of electrolyte components and minimize mass transfer limitation. All
the measured potentials, Emeasured, were calibrated to that of the RHE,
ERHE, according to the following equation

= + × +E E E0.0591 pHRHE measured Ag/AgCl (1)

The pH was measured with a pH meter (Mettler-Toledo S220),
and EAg/AgCl is 0.197.
For CV tests, argon (99.9999%) was purged for 30 min into the

cathode solution before measurements, and a Nafion 117 membrane
was employed. The CV scan rate was 5 mV s−1 and all results were
compensated at 85%, as shown below

= ×iRE E 85%compensated RHE (2)

where the ERHE is the potential calibrated via Formula 1, i is the real
current value, and R is Ohmic resistance measured by potentio
electrochemical impedance spectroscopy (PEIS) technique with
various electrolytes (−0.1 V vs RHE was set as the working potential
for each PEIS test).
Products Analysis. The liquid products were analyzed by GC

combined with mass spectrometry (GC−MS). Typically, an aliquot of
the cathode electrolyte was collected during or after electrochemical
measurements, and 1.0 mL of the electrolyte was diluted to twice the
volume with a mixture of IPA and DI water (1:1, v/v). Subsequently,
1.0 mL of dichloromethane with 10 mM pentadecane as an internal
standard was added for extraction. After the mixture was shaken
vigorously, it stood undisturbed to allow phase separation. Then, 0.4
mL of the lower organic layer was transferred to another vial and
diluted with 1.0 mL of dichloromethane. Thereafter, an appropriate
amount of anhydrous sodium sulfate was added to remove the
residual water. Finally, the sample was filtered and transferred to an
autosampler specialized vial using a syringe. The GC instrument
(8890, Agilent) was equipped with an HP-5 ms UI (30 m × 0.25 mm
× 0.25 μm) GC column, a mass selective detector (5977B, Agilent),
and an autosampler (7693A, Agilent). Helium (99.9999%) was used
as the carrier gas. Injection and detector temperatures were set as 250
°C, and the oven temperature was programmed as follows: 40 °C for
0.1 min, ramp to 150 °C at 30 °C min−1 and then to 250 °C at 10 °C
min−1, and maintain at 250 °C for 4 min. The products were
confirmed by both mass spectroscopy and comparison with standard
chemicals. In detail, the peaks of each sample were searched in the
library, and the mass spectra were carefully compared with the
database. When there were no corresponding chemicals in the
database, we compared the retention time and mass spectra with
those of standard chemicals. When there were no standard chemicals,
we analyzed the unknown product’s mass spectra and identified the
possible fractions and also compared them with similar chemicals.
The quantitative results were calibrated by the response factor to

the internal standard, pentadecane. To determine the response factor
of every chemical versus internal standard, 1, 5, and 10 mM standard
chemicals were added to 0.1 M aq. HClO4 solutions with 50% IPA
(v/v). Then, the solutions with standard chemicals were treated and
analyzed by using the same procedure used for experimental samples,
as described above. The raw GC chromatogram for standard
chemicals and internal standards are shown in Figure S42. Further,
in Figure S43, the corresponding integrated area for each chemical
with increasing concentration is drawn with variance values near 1,
demonstrating the linear correlation between the peak area and
concentration and proving the reliability of using a response factor
under different concentrations. Subsequently, the response factor of
each chemical was calculated as follows

=
×
×

f
A n

A np
p p

S S (3)

where f p is the response factor of product p, Ap is the peak area of
product p, np is the amount of product p, AS is the peak area of the
standard chemical, and nS is the amount of the standard chemical.
Then, the average value of each chemical at different concentrations
was calculated and considered as the final response factor. The
following relationship was used for quantitative analysis

= ×n f Ap p p (4)

For the products without standard reagents, the response factor was
calculated using the same response factor of the similar-structure
chemicals (such as using the response factor of 4-propyl-anisole,
propyl-cyclohexane, methoxy-cyclohexane for quantitative analysis of
3-propyl-anisole, propyl-cyclohexene, 3-propyl-methoxy-cyclohexane,
respectively). The selectivity of each product (Sp), the reactant
conversion rate (C), total FE, and the yield of each product (Yp) were
calculated as follows
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where nr is the reactant amount, n0 is the initial reactant amount, F is
the Faraday constant (96,485 C mol−1), zp is the electron transfer
number for the formation of each product p, and i and t are the
reaction current and time, respectively. The total J was calculated
from the FE and the current density at 1800 s, Jm, as follows

= ×J JTotal FE m (9)

The gaseous products were detected by GC (Agilent 7890A). The
inlet of the GC instrument was directly connected to the cathode
outlet. Argon (99.9999%) was used as the carrier gas. The GC
instrument was equipped with a thermal conductivity detector (TCD)
for H2 detection and a flame ionization detector (FID) for detecting
other gases. MolSieve 5A (6 ft, Agilent) and Porapak Q (13 ft,
Agilent) columns were used for the FID and TCD, respectively. Gas
samples were collected and analyzed 5 and 30 min after the
chronoamperometry reaction. The FE of the gas product was
calculated as follows

= × =
× ×

×
× ×

×i

i

V Q

i
FE 100% 100%

z P F

R Tp

total

p

total

p

(10)

where ip is the partial current of product p, itotal is the total current, Vp
is the volume fraction of product p, Q is the flow rate, P is
atmospheric pressure (101.325 kPa), R is the ideal gas constant
(8.314 J mol−1 K−1), and T is temperature (298 K).
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