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Electrocatalytic hydrogenation of benzoic acid (BA) to cyclohexanecarboxylic acid (CCA) at ambient
temperature and pressure has been recognized as a promising alternative to thermal hydrogenation
since water is required as the hydrogen source. So far, only a few Pt-based electrocatalysts have been
developed in acidic electrolyte. To overcome the limitations of reactant solubility and catalyst corrosion,
herein, carbon fiber-supported Ru electrocatalysts with abundant Ru/RuO, heterojunctions were
fabricated via cyclic electrodeposition between —0.8 and 1.1 V vs. Ag/AgCl. In an alkaline environment,
a Ru/RuQ; catalyst achieves an excellent ECH reactivity in terms of high BA conversion (100%) and
selectivity towards CCA (100%) within 180 min at a current density of 200/3 mA cm™2, showing
exceptional reusability and long-term stability. 1-Cyclohexenecarboxylic acid (CEA) was identified as the
reaction intermediate, whose the selectivity is governed by the applied potential. Kinetic studies

demonstrate that ECH of BA over Ru/RuO, follows a Langmuir—Hinshelwood (L—H) mechanism. In situ
Received 8th October 2023

Accepted 13th December 2023 Raman spectroscopy and theoretical calculations reveal that the Ru/RuO, interface enhances the

adsorption strength of CEA, thereby facilitating the production of fully hydrogenated CCA. This work
DOI: 10.1039/d3sc05312a provides a deep understanding of the ECH pathway of BA in alkaline media, and gives a new

rsc.li/chemical-science methodology to fabricate heterostructure electrocatalysts.

fabricated Pt/TiO, to achieve BA conversion (90%) with a CCA

Introduction a 4
selectivity of 99% at 80 °C and 50 bar H, via pathway II (Scheme

Cyclohexane carboxylic acid (CCA) is an important organic
intermediate for therapeutic drugs, such as ansatrienin, prazi-
quantel and caprolactam,"? and its derivatives are important
intermediates for organic synthesis in fine chemical industries,
such as trans-4-isopropylcyclohexyl acid and cyclohexylmethyl
carbamate. For industrial scale synthesis of CCA, selective
hydrogenation of benzoic acid (BA) to CCA has attracted
growing research attention in the past few years®** (listed in
Table S17). At 80 °C and 1 MPa H,, Qiu et al.*® realized a CCA
selectivity of 100% at a conversion of 89.4% over Ru nano-
particles loaded on N-doped porous two-dimensional carbon
nanosheets without hydrogenated intermediates (pathway I as
illustrated in Scheme 1). For comparison, Ren et al.** reported
that the Ru/PPh;@FDU catalyst achieved a CCA selectivity of
98% with 99% conversion at 60 °C and 1 MPa H,, showing CEA
as the reaction intermediate (as shown in Scheme 1). Guo et al.*®
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1). Moreover, the RhPt/MCM-41 bimetallic catalyst'® offered
a conversion of 63.5% and a selectivity of 97.8% at 40 °C and
1 MPa H,, following reaction pathway II (Scheme 1). Accord-
ingly, the reaction pathway from BA to CCA is highly dependent
upon the feature of the catalyst. Hence, it is urgent to design
high-efficiency catalysts with satisfactory conversion.
Electrocatalytic hydrogenation (ECH) of aromatic organics
without external H, gas has aroused extensive research
activities.””>® For example, Peng et al. employed a ternary
PtRhAu electrocatalyst to reach a high faradaic efficiency (58%)
toward 2-methoxycyclohexanol from guaiacol.>® Moreover, Ni-
MoO, catalysts were designed to perform ECH of phenol to
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Scheme 1 Reaction pathways for thermal catalytic hydrogenation of
BA.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d3sc05312a&domain=pdf&date_stamp=2024-01-20
http://orcid.org/0000-0002-9438-9226
http://orcid.org/0000-0001-5805-3824
http://orcid.org/0000-0002-8704-7842
https://doi.org/10.1039/d3sc05312a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc05312a
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC015004

Open Access Article. Published on 21 December 2023. Downloaded on 12/4/2025 7:19:49 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

cyclohexanol and cyclohexanone at 60 °C.”” Recently, several Pt-
based electrocatalysts have been used for ECH of BA in an acidic
environment.”® Du et al.*® developed a bimetallic PtRu alloy
supported on carbon paper (CP), yielding a conversion of 98.6%
with a CCA selectivity of 100%. The PtRu/CP alloy catalyst
exhibits significantly higher conversion than that on Pt/CP
(51.7%) or Ru/CP (5.8%). Moreover, a coral-shaped PtRu/
Ni(OH), electrocatalyst simultaneously achieved a 100%
conversion of BA along with a 100% selectivity to CCA,*
significantly outperforming its monometallic counterpart Pt/
Ni(OH), or Ru/Ni(OH),. Nevertheless, owing to low solubility of
BA in acidic electrolyte as well as acid corrosion of the electro-
catalyst, it's highly desirable to develop high-efficiency electro-
catalysts for ECH of BA in alkaline media at ambient
temperature and pressure.

In this work, self-supporting Ru-based electrocatalysts were
in situ constructed on activated carbon cloths via a cyclic vol-
tammetry electrodeposition technique. Through regulating the
electrodeposition potential range, both the loading amount and
electronic state can be facilely tuned. An optimal electrocatalyst
with abundant Ru/RuO, heterostructures exhibits unprece-
dented performance for ECH of BA in alkaline electrolyte. BA
conversion and CCA selectivity are both greatly associated with
the applied potential and KOH concentration. The ECH mech-
anism and the indispensable role of the Ru/RuO, interface were
revealed by the kinetic study, in situ spectroelectrochemical
technique and theoretical calculations.

Results and discussion

Cyclic electrodeposition enables the formation of a Ru/RuO,
heterostructure

A series of Ru/CC electrode materials were synthesized via CV
electrodeposition with various potential ranges as illustrated in
Scheme 2. According to CV profiles during electrodeposition
(Fig. S17), there are four potentials at which an increase in
deposition current can be observed in the cathodic scan: (i) the
peak ‘A’ at 0.74 V vs. Ag/AgCl corresponding to the reduction of
Ru** to metallic Ru (Ru** +3e~ = Ru, E = 0.74 V vs. Ag/AgCl);**
(ii) the peak ‘B’ observed at around 0.30-0.45 V vs. Ag/AgCl
reflecting the potential range for underpotential-deposited
hydrogen (UPD H) adsorption; (iii) the peak ‘C’ at —0.4 V vs.
Ag/AgCl denoting the H absorption;** (iv) the peak ‘F’
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e

Scheme 2 Schematic illustration for synthesis of Ru/CC (-0.8 to 1.1 V)
via cyclic electrodeposition.
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attributable to H, evolution.*® During the subsequent anodic
scan, ‘G’ corresponds to H, oxidation, the peak ‘D’ appears due
to H,p,s desorption, the peak ‘E’ means Hypp, desorption, and ‘H’
indicates the oxidation of Ru*" to Ru*".3*

According to SEM and TEM images, it can be clearly seen
that densely packed Ru particles uniformly cover the surface of
CC when the electrodeposition potential lies in the range of
—0.8 to 1.1 Vvs. Ag/AgCl (Fig. 1a and S2at). For comparison, the
above-mentioned range is separated into relatively low potential
(—0.8 to 0 V) and relatively high potential (0-1.1 V), respectively.
Consequently, some large aggregates are observed on the
deposited metal layer within either the low potential range
(Fig. 1b and S2b¥) or the high potential range (Fig. 1c and S2ct).
As the potential moves negatively to —1.0 to 0.9 V and —1.3 to
0.6 V, the deposited metal species agglomerate significantly and
disperse unevenly (Fig. S3 and S47). As the potential changes
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Fig.1 SEMimages of (a) Ru/CC (—0.8 to 1.1V), (b) Ru/CC (—0.8to 0 V),
and (c) Ru/CC (0-1.1V). (d) The mass loading of Ru for Ru/CC (-0.8 to
1.1V), Ru/CC (-0.8to 0 V), Ru/CC (0-1.1V), Ru/CC (-1.0 to 0.9 V), Ru/
CC(-0.3t0 1.6 V) and Ru/CC (-1.3t0 0.6 V).
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positively to —0.3 to 1.6 V, fewer deposits can be detected as
compared to those obtained with more negative potentials.
The loading amounts of Ru prepared with different potential
ranges were determined by ICP-OES. As shown in Fig. 1d, Ru/CC
(—0.8 to 1.1 V) shows the maximum loading mass while Ru/CC
(—0.3 to 1.6 V) exhibits the minimum content. Ru/CC (—0.8 to
1.1 V) contains 0.141 mg cm™ > of Ru species, which is signifi-
cantly higher relative to 0.0812 mg cm > for Ru/CC (—0.8 to 0 V)
and 0.0567 mg cm > for Ru/CC (0-1.1 V). Nevertheless, as the
potential range moves negatively, the Ru content gradually
decreases to 0.122 mg em™ > for Ru/CC (—1.0 to 0.9 V) and
0.0787 mg cm > for Ru/CC (—1.3 to 0.6 V). Hence, an evenly
distributed metal layer can form within a suitable potential
range. The crystalline structures of different Ru electrode
materials were analyzed by HRTEM. Interestingly, the Ru/RuO,
heterointerface for Ru/CC (—0.8 to 1.1 V) was analyzed through
interplanar spacing in HRTEM and the fast Fourier transform
(FFT) diffraction pattern (shown in Fig. 2a). The interplanar
spacing at the interface is different from that of Ru (101) or
RuO, (210) at the edge. Two kinds of symmetries can be
observed from FFT patterns (inset of Fig. 2a), verifying the
coexistence of Ru (101) and RuO, (210). The tetragonal
symmetry could be attributed to RuO,,* and the lattice fringe (d
= 0.217 nm) with an angle of 90° represents the (210) plane of
RuO, (Fig. 2b). A lattice spacing of 0.208 nm with an angle of 60°
corresponds well to the (101) plane of metallic Ru (Fig. 2c).*®

Fig. 2 (a—c) HRTEM images of Ru/CC (-0.8 to 1.1 V) and the corre-
sponding FFT patterns. (d) SAED pattern of Ru/CC (-0.8 to 1.1 V).
HRTEM images of (e) Ru/CC (0-1.1 V) and (f) Ru/CC (—0.8 to 0 V).
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Notably, the lattice fringes of Ru and RuO, fuse together at the
interface. For comparison, identical patterns can be observed
around the interface, which are consistent with Ru and RuO,
(Fig. 2b and c). So, it can be reasonably deduced that the Ru/
RuO, interface has a distinctive structure with Ru (101)/RuO,
(210) intercalation. The corresponding SAED pattern further
confirms that the strongest orientations for Ru and RuO, are
indexed to the (101) and (210) crystal planes, respectively
(Fig. 2d). Moreover, Ru/CC (0-1.1 V) exhibits characteristic
crystal planes of Ru (101), Ru (100) and RuO, (210), whereas Ru/
CC (—0.8 to 0 V) displays typical lattice fringes for Ru (101) and
Ru (100) (Fig. 2e and f). The corresponding SAED patterns verify
the HRTEM analysis (Fig. S51). The element mapping confirms
the uniform distribution of Ru species (Fig. S61).

The electronic states of the as-synthesized electrode materials
were characterized by XPS (Fig. 3 and S7 and Table S27). Except for
Ru/CC (—0.8 to 0 V), all the Ru electrocatalysts are composed of
metallic Ru® atoms and high valent Ru** species, which are in
perfect agreement with HRTEM analysis. The deconvolution
spectra of Ru 3p for Ru/CC (—0.8 to 1.1 V) present two typical peaks
at the binding energies (B.E.s) of 461.88 and 484.08 eV, respectively,
which are ascribed to Ru® 3p3/, and Ru® 3p,/,.¥” The B.E.s located at
464.38 and 486.48 eV are attributable to Ru** 3ps/, and Ru*" 3py,,
respectively, indicating the existence of RuO,.*® Accordingly, Ru/CC
(—0.8 to 1.1 V) possesses 68.13% of Ru’ along with 31.87% of RuOQ,.
As the potential range shifts negatively, the relative proportion of
Ru’ apparently increases (see Table S21). Ru/CC (—0.8 to 0 V) is
composed of metallic Ru® atoms with the B.E.s at 461.58 and 483.88
eV, respectively. As a control, Ru/CC (0-1.1 V) exhibits two valence
states involving Ru’ (64.26%) and Ru®" (35.74%). Overall, the
loading mass, dispersity and electronic state of Ru species are
greatly associated with electrodeposition potential ranges.

Ru/RuO, promotes electrocatalytic hydrogenation of BA

First, the effects of applied potentials were investigated under the
same passed charges (Fig. 4a). Within various potentials, CEA is the
only intermediate product during ECH of BA. At 0 V vs. RHE, the
conversion of BA is close to 17.6%, and the hydrogenated products
contain 19.6% of CCA and 80.4% of CEA. As the potential drops to
—0.1 Vvs. RHE, either the conversion of BA or the selectivity of CCA
shows a sudden increase. With the applied potential stepping from
—0.1to —0.4 Vvs. RHE, both the conversion of BA and the selectivity
of CCA exhibit gradual enhancement. At —0.4 V vs. RHE, a selec-
tivity of 82.5% is realized toward CCA at a conversion of 75.7%.
With the potential changing to —0.5 V vs. RHE, the conversion of BA
slightly decreases to 69%. Next, five cycles of ECH at —0.2 V vs. RHE
were performed. As a consequence, ECH of BA maintains a faradaic
efficiency of around 47% (Fig. 4b), indicating that Ru/CC (—0.8 to
1.1 V) possesses high stability toward CCA production.

Notably, Ru-based electrode materials exhibit distinct ECH
performance with different electrodeposition potential ranges
(Fig. 5a). For Ru/CC (—0.8 to 1.1 V), the conversion reaches
95.8% after 120 min at 200/3 mA cm 2, giving a selectivity of
95.2% toward CCA. The catholyte after 30 min of ECH was
analyzed by GC-MS (Fig. S8-S107). It is demonstrated that the
only reaction intermediate is CEA. Under the same electrolysis

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Ru 3p XPS spectra of (a) Ru/CC (—0.8 to 1.1 V), (b) Ru/CC (-0.8
to 0 V), and (c) Ru/CC (0-1.1 V).

conditions, Ru/CC (—0.8 to 0 V) and Ru/CC (0-1.1 V) show
a conversion of 22.5% and 33.2%, respectively, accompanied by
a certain proportion of CEA. Additionally, Ru/CC (—1.0 to 0.9 V)
shows a conversion of 61.6%, whereas Ru/CC (—0.3 to 1.6 V) and
Ru/CC (—1.3 to 0.6 V) exhibit extremely low activity for ECH of
BA. So, it can be assumed that different ECH performances may
be attributable to various electrodeposition potential ranges,
which affect the loading mass, dispersity and electronic state of
Ru species.*
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different applied potentials in 0.1 M KOH with 110 C of charges passed.
(b) The faradaic efficiency and current density during 10 h of ECH at
—0.2 V vs. RHE; the electrolyte was refreshed every 2 h.
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Fig. 5 (a) ECH of BA over the as-synthesized catalysts at a current
density of 200/3 mA cm™2; the reaction time is 120 min. (b) the
conversion, FE and selectivity over Ru/CC (0.8 to 1.1 V) at 200/3 mA
cm™2 with different concentrations of KOH; the concentration of BA is
50 mM, and the reaction time is 120 min. (c) The conversion, FE and
selectivity over Ru/CC (—0.8 to 1.1 V) at different current densities; the
reaction time is 120 min. (d) Stability test over Ru/CC (—0.8 to 1.1 V) at
200/3 mA cm™2; the reaction time is 180 min. The concentration of BA
is 50 mM for all the tests.

Considering the concentration of electrolyte, it should be
noted that ECH of BA achieves the optimal performance in
0.1 M KOH (Fig. 5b). The influence of current density and
reaction time was further studied to optimize the electrolysis
conditions (Fig. 5¢c and S117). At 100/3 mA cm ™2, the conversion
comes up to 100% within 600 min while the selectivity gradually
increases from 62.0% to 100%. Apparently, the total reaction
time significantly decreases to 180 min when the current
density increases from 100/3 mA cm™ > to 200/3 mA cm 2. At
250/3 mA cm 2, it takes a longer time to reach a conversion of
100% relative to that at 200/3 mA cm 2. This implies the fierce
competition of the HER at large current density. The effect of
reagent concentration was investigated at 200/3 mA cm >
(Fig. S121). It takes 120 min to accomplish 100% conversion for
40 mM BA. The total reaction time extends to 480 min for
80 mM BA.

Furthermore, we also employed 0.05 M H,SO,4, 0.1 M NaOH,
0.1 M Na,CO; and 0.1 M NaHCO; as the control electrolytes.
Owing to the poor solubility of BA in H,SO, solution, we used

Chem. Sci., 2024, 15, 1384-1392 | 1387
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relatively low concentration of BA (5 mM). As can be seen in
Fig. S13 and Table S3,} the conversion of BA reaches 91.67% at
180 min in acidic media, giving 100% selectivity toward CCA. In
NaOH electrolyte, the conversion reaches 93.3% with a CCA
selectivity of 95.65%, which is a little lower than that in KOH
electrolyte. Moreover, ECH of BA in Na,CO; and NaHCO; ach-
ieves the conversions of 80.0% and 82.3%, respectively,
accompanied by small fractions of CEA. Considering the influ-
ence of the aromatic ring structure of benzoic acid derivatives,
ECH of p-methyl benzoic acid was studied at 200/3 mA cm ™2 in
0.1 M KOH. As a consequence, a conversion of 83.3% was
achieved at 10 h with 100% selectivity toward 4-methyl cyclo-
hexane carboxylic acid. Clearly, ECH of p-methyl benzoic acid is
more time-consuming than that of BA. Future studies will focus
on the investigation of the catalytic mechanism and the opti-
mization of electrocatalysts for broad benzoic acid derivatives.

HRTEM and XPS analysis demonstrate that Ru/CC (—0.8 to 1.1
V) is composed of two phases (Ru and RuO,) while Ru (—0.8 to 0 V)
only contains metallic Ru® species. To elucidate the role of the Ru/
RuO, heterostructure, two catalysts involving Ru/CC (—0.8 to 1.1
V) with 100 CV cycles and Ru (—0.8 to 0 V) with 225 CV cycles were
compared at the same current density. To ensure the same elec-
trodeposition time as that of Ru/CC (—0.8 to 1.1 V), the number of
CV cycles was increased to 225 for Ru/CC (—0.8 to 0 V). It is also
worth noting that the selectivity toward CEA changes slightly on
prolonging the reaction time (Fig. S14t), which indicates that full
hydrogenation of BA proceeds slowly over Ru/CC (—0.8 to 0 V). For
comparison, 100% selectivity toward CCA is rapidly realized over
Ru/CC (—0.8 to 1.1 V) (Fig. S11ct). For ECH of CEA, Ru/CC (—0.8 to
1.1 V) also exhibits much higher activity as compared to Ru/CC
(—0.8 to 0 V) (Fig. S15%). Accordingly, it can be reasonably
deduced that Ru/CC (—0.8 to 1.1 V) embedded with Ru/RuO,
heterointerfaces facilitates ECH of BA into CCA.

The stability test for Ru/CC (—0.8 to 1.1 V) was conducted at
200/3 mA em™? via seven cycles of ECH, in which each cycle
proceeds for 180 min. As can be seen in Fig. 5d, Ru/CC (—0.8 to
1.1 V) maintains outstanding performance without apparent
loss of activity. The spent Ru/CC (—0.8 to 1.1 V) shows identical
surface morphology, Ru loading mass (0.138 mg cm™?) and
valence distribution (Ru® accounts for 63.5%) (Fig. S16-S18%) to
the as-synthesized sample. So, it is demonstrated that Ru/CC
(—0.8 to 1.1 V) possesses outstanding durability during ECH
of BA in alkaline electrolyte.

Mechanism study for ECH of BA

According to LSV profiles of Ru-based catalysts (Fig. S19, Table
S4t1), it can be found that Ru/CC (—0.8 to 1.1 V) shows
a minimum overpotential (n4) of ~110 mV with 50 mM BA
added, which implies that electrochemical reduction of BA is
kinetically favorable on Ru/CC (—0.8 to 1.1 V). What's more,
addition of BA increases the overpotential of the Ru-based
electrocatalyst, indicating that adsorption of BA on the elec-
trode surface hinders hydrogen adsorption and evolution.***' As
shown in Fig. 6a, Ru/CC (—0.8 to 1.1 V) exhibits the smallest
Tafel slope of 176 mV dec ', which signifies the best perfor-
mance for ECH of BA. Electrochemical impedance was
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employed to demonstrate the electron transfer efficiency of the
catalysts (Fig. 6b). Ru/CC (—0.8 to 1.1 V) shows the smallest R,
(21 Q cm™?) among the investigated samples, suggesting the
most efficient electron transfer between the electrode and
electrolyte.

Without BA added, the CV curve of Ru/CC (—0.8 to 1.1 V)
exhibits a shoulder wave at around 0.1 V vs. RHE in the cathodic
scan as well as a distinct peak at 0.2 V vs. RHE in the anodic
scan, which can be attributed to H* adsorption and desorption.
On increasing the concentration of BA, both cathodic and
anodic currents progressively decrease owing to competitive
adsorption between H,O and BA (Fig. 6¢).** To unveil the reac-
tion mechanism, reaction rates were assessed at different initial
concentrations of BA. As a result, a negative reaction order of
—1.02 was obtained for ECH of BA in 0.1 M KOH over Ru/CC
(—0.8 to 1.1 V), which is indicative of a Langmuir-Hinshel-
wood (L-H) mechanism (Fig. 6d).**** Combined with the CV
results, it is indicated that ECH of BA consumes active H* on
the catalyst surface.

To further explore the reaction mechanism, in situ Raman
spectroscopy was performed with different applied potentials.
As shown in Fig. 7a, Raman spectra collected for negatively
charged BA on the catalyst surface exhibit three distinguishable
peaks:**%’ (i) aromatic ring vibration »(C-C),ing at 1600 cm™*, (ii)
carboxylate group vibration »(COO ™)y, at 1350 and 1390 cm ™,
(iii) ring breathing at 1005 cm™". On applying positive poten-
tials (0.1-0.2 V), the above-mentioned typical peaks are inten-
sified on the catalyst surface, which implies that a positive
potential enhances the adsorption strength of a negatively
charged reactant. It is worth noting that the intensities of these
typical bands are greatly weakened at 0 V vs. RHE. Combined
with ECH performance (see Fig. 4a), the decreased signal could
be explained by the hydrogenation of benzoate. Moreover, these

4
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Fig. 6 (a) Tafel slopes and (b) Nyquist plots of Ru/CC (—0.8 to 1.1 V),

Ru/CC (-0.8 to 0 V), Ru/CC (0-1.1V), Ru/CC (-1.0 to 0.9 V), Ru/CC
(—1.3t0 0.6 V) and Ru/CC (-0.3to 1.6 V). (c) CV curves of Ru/CC (-0.8
to 1.1 V) with different concentrations of BA. (d) Kinetic study for ECH
of BA over Ru/CC (—0.8 to 1.1 V); the conversion of BA is controlled
less than 15%.
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Fig. 7 In situ Raman spectra collected on the Ru/CC (-0.8 to 1.1 V)
surface for (a) benzoate and (b) cyclohexene carboxylate in 0.1 M KOH
at different applied potentials.

peaks almost remain unchanged within —0.1 to —0.4 V. To
further explore the effect of applied potentials, in situ Raman
spectroscopy was performed on non-catalytic carbon cloth
(Fig. S207). The typical peaks basically remain unchanged in the
potential range of 0.2 to —0.4 V. This implies that the peak
intensity will not decrease significantly if no reaction occurs.
For comparison, the characteristic bands for cyclohexene
carboxylate show a sudden decrease at —0.1 V, and gradually
descend as the potential negatively shifts from —0.1 to —0.4 V
(Fig. 7b). So, it is indicated that the hydrogenation of cyclo-
hexene carboxylate requires a more negative potential than that
of benzoate.

To further reveal the role of the Ru/RuO, heterostructure
during ECH, the adsorption energies of potassium benzoate
and potassium cyclohexene carboxylate were calculated on the
Ru (101)/RuO, (210) model (Fig. 8a, b, S21 and S227). As shown
in Fig. 8a, potassium benzoate adsorbing on the Ru (101)
surface of the heterostructure model (*Ru/RuO,) exhibits
a superior adsorption energy of —3.57 eV, followed by the
figures for interface and Ru/RuO; sites (—2.24 eV in compar-
ison with —2.41 eV). Fig. 8b demonstrates that the adsorption
energy of potassium cyclohexene carboxylate on the interface
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Fig. 8 Adsorption energy of (a) potassium benzoate and (b) potassium
cyclohexene carboxylate on different sites of the Ru (101)/RuQ, (210)
model.

(—2.81 eV) is much larger than that on *Ru/RuO, (—1.53 eV) or
Ru/RuO;, (—1.45 eV). It is noteworthy that the adsorption energy
of potassium cyclohexane carboxylate on the interface is only
—0.57 eV (Fig. S23t), which is much smaller than that of
potassium cyclohexene carboxylate (—2.81 eV). Accordingly, the
Ru site facilitates the adsorption of potassium benzoate while
the interface promotes the adsorption of potassium cyclo-
hexene carboxylate. DFT calculations reveal that the critical role
of the Ru/RuO, heterointerface is to promote the adsorption
strength of the intermediate potassium cyclohexene carbox-
ylate, which is in accordance with ECH results (Fig. S157).

Conclusion

A facile CV electrodeposition was adopted to fabricate self-
supporting Ru-based electrocatalysts on activated carbon
cloths through regulating the potential ranges. Both the loading
amount and electronic state can be facilely tuned. The optimal
electrocatalyst with abundant Ru/RuO, heterostructures
exhibits unprecedented performance for ECH of BA in alkaline
electrolyte. In an alkaline environment, the Ru/RuO, catalyst
achieves high BA conversion (100%) and selectivity towards CCA
(100%) within 180 min at 200/3 mA cm >, showing excellent
reusability and long-term stability. 1-Cyclohexenecarboxylic
acid (CEA) was identified as the reaction intermediate, whose
the selectivity is governed by the applied potential. Kinetic
studies demonstrate that ECH of BA over Ru/RuQO, follows
a Langmuir-Hinshelwood (L-H) mechanism. In situ Raman
spectroscopy and theoretical calculations unravel that the Ru/
RuO, interface enhances the adsorption strength of cyclo-
hexene carboxylate, thereby facilitating the production of fully
hydrogenated cyclohexane carboxylate. This work provides
a deep understanding of the ECH pathway of BA in alkaline
media and gives a new methodology to fabricate heterostructure
electrocatalysts.
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