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Introduction

Electrocatalysis as an efficient alternative to
thermal catalysis over PtRu bimetallic catalysts for
hydrogenation of benzoic acid derivatives¥

Yan Du, Xiao Chen,
Changhai Liang = *

* Weilin Shen, Huibin Liu, Min Fang, Jinxuan Liu ‘2 and

The electrocatalytic hydrogenation of aromatic rings in benzoic acid derivatives has arisen as a notionally
engaging substitute for thermal catalysis under mild conditions. However, the utilization of organic sol-
vents and low faradaic efficiency are incompatible with the principles of green chemistry and energy con-
servation. Herein, bimetallic PtRu supported on carbon paper developed by co-electrodeposition with
optimized atomic ratios maintains an inspiring high conversion of 92.9%, high selectivity of 100% and a
high faradaic efficiency of 62.2% for the hydrogenation of benzoic acid to cyclohexanecarboxylic acid in
an acidic aqueous electrolyte without external H,, which is the best result to date. The optimized electro-
catalyst also exhibits outstanding stability and universality for the electrocatalytic hydrogenation of
benzoic acid derivatives. In situ Raman results and theoretical calculations prove that the synergistic effect
generated by Ru modifying the electronic structure of Pt simultaneously enhances the capture of benzoic
acid molecules and interfacial active hydrogen species and lowers the reaction energy barrier. After
adsorbing benzoic acid, more accumulation of electrons around the Ru atom reduces the electron
density of phenyl, thereby activating the reaction. Meanwhile, the uniform alloy nanoclusters anchored to
the carbon paper surface ensure highly efficient electronic transmission and high dispersion of active
components, reducing excessive agglomeration. A proton-exchange membrane reactor is also used to
certify the potential of the electrocatalytic hydrogenation of benzoic acid derivatives for large-scale
application.

drogenation and over-hydrogenation), which makes the highly
selective conversion of benzoic acid to cyclohexanecarboxylic

The selective hydrogenation of aromatic rings in benzoic acid
derivatives to form downstream products as fine chemicals,
intermediates, and industrial raw materials over hetero-
geneous catalysts has received much attention.' For example,
cyclohexanecarboxylic acid, produced by the selective hydro-
genation of benzoic acid, is an essential organic intermediate
for pharmaceuticals such as praziquantel, caprolactam, and
ansatrienin, as well as a significant step in the industrial pro-
duction of nylon-6.>* However, the reaction conditions for
benzoic acid hydrogenation to cyclohexanecarboxylic acid are
more stringent due to the high resonance energy of electron-
deficient aromatic rings, leading to side reactions (carboxyhy-
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acid a challenge.>”

In order to develop an efficient process, the technology of
thermal catalytic hydrogenation (TCH) of benzoic acid is com-
monly used toward cyclohexanecarboxylic acid.>™ However,
TCH is often subjected to unsafe and environmentally unfavor-
able operating conditions, including high temperature, high
pressure, and an extra supply of H, as the hydrogen source
(Fig. 1). Additionally, organic solvents such as hexane, cyclo-
hexane, and tetrahydrofuran are probably employed in the
TCH process.>®® Xu et al. reported palladium nanoparticles
supported on N-doped carbon that achieved a conversion for
benzoic acid of 50% and a selectivity for cyclohexanecarboxylic
acid of 100% within 24 h.”> Guo et al. synthesized Pt/TiO, on
account of the strong metal-support interaction effect and rea-
lized the conversion of benzoic acid to cyclohexanecarboxylic
acid at 80 °C and 5 MPa H, in hexane.® Therefore, alternative
approaches for implementing cyclohexanecarboxylic acid pro-
duction under more moderate and less polluting conditions
are worth investigating.
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Fig. 1 The characteristics for the electrocatalytic hydrogenation (ECH)
process of benzoic acid compared with the traditional thermocatalytic
hydrogenation (TCH) process.

In contrast to the TCH process, electrocatalytic hydrogen-
ation (ECH) has drawn extensive research interest,"™"* which
is powered by electricity generated from renewable energy,
such as solar and wind power, and achieves the shift from a
harsh process to an atmospheric-pressure and room-tempera-
ture conversion, thereby meeting the requirements of sustain-
able energy production.”™*® Furthermore, aqueous feedstocks
are typically adopted as the source of hydrogen, generating oxi-
dative or reducing equivalents without wasteful, potentially
toxic reagents.'® ' Nevertheless, there are still problems and
improvements in the hydrogenation conversion of benzoic
acid to cyclohexanecarboxylic acid by electrochemical tech-
niques. Fukazawa et al. presented the utilization of a proton-
exchange membrane reactor over PtRu/Ketjenblack, despite
high selectivity and current efficiency towards cyclohexanecar-
boxylic acid, involving external H, and 1,4-dioxane as a
solvent.>” Indeed, the reaction rate of benzoic acid was very
low owing to the slow flow rate. Recently, Kong et al. con-
sidered that commercial platinum carbon electrodes on
carbon fiber paper achieved both the benzoic acid conversion
and the cyclohexanecarboxylic acid selectivity of 100% without
H,.>®> However, the faradaic efficiency (FE) is approximately
10%, indicating that more electrical energy is dedicated to the
accompanying H, evolution reaction (HER), which is a
common challenge given that it is hard to impede the inter-
action of protons with charged surfaces without impacting
hydrogenation. Evidently, there is a great scope for the
enhancement of FE by establishing a more efficient and
greener ECH system in the field of converting benzoic acid
derivatives.

Herein, a series of PtRu nanocluster electrocatalysts sup-
ported on carbon paper (CP) is developed by electrochemical
co-deposition for the ECH of benzoic acid. This synthesis
method enables the fabrication of uniformly loaded electrode
materials with high dispersion of active components anchored
to the substrate surface, which reduces excessive agglomera-
tion of active ingredients and improves the electrode stability.
Notably, the optimized PtRu/CP simultaneously exhibits high
conversion, high selectivity, and high FE to cyclohexanecar-
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boxylic acid, which outperforms previously reported electroca-
talysts. The vital role of alloy construction and profound
insights into the mechanism for the ECH of benzoic acid are
revealed through electrochemical measurements, in situ
Raman spectroscopy, and density functional theory (DFT). In
addition, the ECH of benzoic acid derivatives and the proton-
exchange membrane reactor are investigated to verify the high
efficiency of PtRu/CP catalysts towards a wide substrate scope
and their potential for large-scale production of cyclohexane-
carboxylic acid.

Results and discussion

Electrodeposition permits the convenient fabrication of
strongly attached electrocatalysts on a conductive base in one
step, which effectively evades the coverage of active sites by
binders and the loss of active components during the electro-
chemical reaction. To achieve uniform loading of catalyst
nanoparticles, a series of PtRu electrocatalysts with different
ratios of metal atoms are prepared via a one-step cyclic voltam-
metry (CV) electrodeposition strategy (Scheme 1) for the ECH
of benzoic acid. CP is used as the support material considering
that high graphitization degrees of CP enable high dispersion
of catalysts and unique electronic interaction, which benefits
the adsorption and activation of substrate molecules compared
with carbon cloth.?® PtRu/CP-2, PtRu/CP-4, and PtRu/CP-6 are
obtained by adding 2 mM, 4 mM, and 6 mM ruthenium metal
salts to the electroplating solution with a fixed concentration
of 10 mM platinum metal salt, respectively. Monometallic Pt/
CP, Ru/CP, and two-step-deposited Pt/Ru/CP are also syn-
thesized for comparison.

Initially, the ECH of benzoic acid is employed using a separ-
ated H-cell with 0.2 M H,SO, solution as the electrolyte, and
the cathode compartment includes 10 mM benzoic acid. The
as-obtained samples are utilized for working electrodes at a
constant current of —50 mA and 120 min (360 charge) at room
temperature to determine the catalytic activity (Table 1). The
absence of metal active sites on CP contributes to the absolute
incapability of benzoic acid conversion. The hydrogenation
activity over Pt/CP is significantly higher than that over Ru/CP,
with a conversion of 51.7% and 5.8%, respectively. The differ-
ence in performance resulting from metallic elements is attrib-
uted to the excellence of Pt as catalytically active sites.>* Pt/Ru/
CP exhibits a conversion of 34.1%, slightly improving over Pt/
CP. Unexpectedly, the conversion and FE toward cyclohexane-
carboxylic acid remarkably increase using PtRu/CP-X, where

PtClg?
ke A/

a7
— s gl e . g
£y a{i’?‘, LS % -
Hydrophilic B H.PICI, 6H,0 o CV co- O
B RU(NO)NO,),(OH), .

Treatment Electrodeposition

PtRu alloy

Scheme 1 Schematic illustration of the synthetic strategy for PtRu/CP-X.
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Table 1 ECH and TCH of benzoic acid over the as-obtained and reported catalysts®

Space-time

Hydrogen  Pre. Temp. Current  Time Conv.  Sel. FE yield

Catalyst Method  source (MPa)  (°C) Solvent (ma) (min) (%) (%) (%) (gm>h™)
CP ECH Water AP RT Water -50 120 0 0 0 0
Pt/CP ECH Water AP RT Water -50 120 51.7 100.0 20.8 331
Ru/CP ECH Water AP RT Water -50 120 5.8 100.0 3.3 37
Pt/Ru/CP ECH Water AP RT Water -50 120 57.3 100.0 23.1 367
PtRu/CP-2 ECH Water AP RT Water —=50 120 82.5 100.0 33.2 528
PtRu/CP-4 ECH Water AP RT Water -50 120 98.6 100.0 39.6 631
PtRu/CP-6 ECH Water AP RT Water -50 120 771 100.0 31.0 493
PtRu/CP-4 ECH Water AP RT Water =30 120 92.9 100.0 62.2 595
PtRu/Ketjenblack®®>  ECH H, AP RT 1,4-Dioxane -6 66.7 1.0 100.0 99.0 576
Pt/CFC* ECH Water AP RT Water —-40 180 100.0 100.0 10.0 150
Pd(@CN2 TCH H, AP 85 Water 1440 50.0 100.0
Pt/TiO, ® TCH H, 5.0 80 Hexane 60 90.0 99.0
RuPd/CN* TCH H, 5.0 100 Water 120 100.0  100.0
Rh/NaNbO; 2° TCH H, 0.5 RT Water 300 100.0  100.0
“Reaction conditions: 0.2 M H,SO, containing 10 mM benzoic acid.
PtRu/CP-4 achieves both the highest conversion and FE at (@) ——Com ——sel ——fE (b) e —

98.6% and 39.6%, respectively, and the activity follows a
volcano-shaped curve with the increased content of Ru in the
catalyst. All the as-obtained electrocatalysts show 100% selecti-
vity for cyclohexanecarboxylic acid without hydrogenation of
the carboxyl group. Such PtRu catalysts take advantage of this
to enhance the activity for the ECH of benzoic acid to cyclohex-
anecarboxylic acid, probably contributing to the existence of a
synergistic effect between bimetallic catalysts. As summarized
in Table 1, in contrast to TCH operating at a high temperature
and pressure with extra H, input, ECH can be realized at room
temperature and atmospheric pressure in water, which also
entirely consumes benzoic acid in a relatively short time.
Notably, the space-time yield over PtRu/CP-4 reported here is
much higher than that previously reported by the electro-
chemical approach. In brief, the ECH strategy delivers a pro-
spective concept for the selective hydrogenation of benzoic
acid under mild conditions.

The influence of reaction conditions on activity is further
examined systematically over PtRu/CP-4. The conversion of
benzoic acid and FE faintly increase within the current range
of —20 to —30 mA and show an inconspicuous drop between
—30 and —60 mA (Fig. S17). The selectivity toward cyclohexane-
carboxylic acid at various currents remains 100%. Particularly,
—30 mA is the optimized current with relatively excellent reac-
tion performance. The electrolytic current is too small, prob-
ably resulting in a deficient driving force. While the HER, the
competitive response of ECH, becomes dominant at a high
current. In this case, adsorbed hydrogen (H,q) on the electrode
surface predisposes to the generation of H, rather than hydro-
genation, consequently diminishing the FE of the reaction. By
assigning —30 mA as the electrolysis current, the conversion of
benzoic acid is gradually improved and reaches 98.5% within
150 min (Fig. 2a), where the generated product is still all cyclo-
hexanecarboxylic acid. FE shows a minor decrease during the
first 120 min and a noticeable decline from 62.2% to 52.8% at
120 min to 150 min, since the concentration of benzoic acid in

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Conversion (Conv.) of benzoic acid, selectivity (Sel.), and fara-

daic efficiency (FE) of cyclohexanecarboxylic acid with reaction time at
optimized —30 mA. Conditions: 0.2 M H,SO,4, 10 mM benzoic acid. (b)
Five electrolysis cycles over PtRu/CP-4. Conditions: 0.2 M H,SO,,
10 mM benzoic acid, —30 mA, 120 min. (c) Tafel slopes in 0.2 M H,SO,4
with 10 mM benzoic acid. (d) Cq, for the as-obtained electrocatalysts in
0.2 M H,SO,.

the electrolyte falls as the reaction time prolongs, resulting in
reduced coverage of benzoic acid molecules on the electrode
surface and the occurrence of a more severe HER. Evidently,
120 min is the desirable reaction time with a conversion of
92.9% and a FE of 62.2%. The stability experiment of PtRu/
CP-4 is explored through five electrolysis cycles at a current of
—30 mA for 120 min. As shown in Fig. 2b, the conversion of
benzoic acid and FE remain ~90% and ~60%, respectively,
suggesting the outstanding stability of the as-prepared PtRu/
CP-4. As shown in Fig. S2,T the volumes of H, created by the
inevitable side reaction are also measured via a drainage
method for accuracy. About 11 mL H, is collected at the end of
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each cycle, and no products other than cyclohexanecarboxylic
acid, such as benzaldehyde and benzyl alcohol, are detected by
gas chromatography. The total sum of FE for cyclohexanecar-
boxylic acid and H, is close to 100%. Furthermore, large
current electrolysis is conducted at —100 mA and —200 mA
using PtRu/CP-4, in both cases with an accelerated reaction
speed (Fig. S371). It shows a conversion of 91.1% and a FE of
36.6% at —100 mA within 60 min. When switching the current
to —200 mA, benzoic acid gets converted in a shorter time with
93.7% conversion and 28.3% FE within 40 min. Overall, PtRu/
CP-4 materializes the best performance for the ECH of benzoic
acid to date (Table 1) and the highest space-time yield of 595 g
m>h™.

Electrochemical tests using the as-obtained catalysts in an
undivided three-electrode cell are performed and compared.
Linear sweep voltammetry (LSV) tests are conducted in 0.2 M
H,S0, with and without 10 mM benzoic acid. As summarized
after iR compensation in Fig. S4 and Table S1,{ the polariz-
ation curve of Ru/CP shows a lower catalytic current in 0.2 M
H,S0,, whereas Pt/CP possesses much higher activity for the
HER with almost no difference from Pt/Ru/CP. Notably, three
PtRu/CP-X samples display slight improvement at —10 mA
em™? current density, where PtRu/CP-4 is the most active.
Except for Ru/CP, the LSV curves over all the samples shift to
the positive direction in the presence of benzoic acid,
suggesting that the ECH of benzoic acid is more inclined to
occur than the HER. The voltage change (An;,) with or without
benzoic acid at —10 mA ¢cm™> is used to assess ECH pro-
perties.”* The Az, of PtRu/CP-X is higher than that of Pt/CP
and Pt/Ru/CP, that is, the offset degree of these three samples
is more distinctive than that of those two, indicating bimetallic
PtRu with superior hydrogenation ability. By means of LSV
profiles, the corresponding Tafel plots are acquired to investi-
gate the kinetics for the ECH of benzoic acid over the as-
obtained electrocatalysts (Fig. 2¢). The slopes express the order
Pt/CP > Pt/Ru/CP > PtRu/CP-6 > PtRu/CP-2 > PtRu/CP-4, which
declines with the addition of Ru, suggesting that the synergis-
tic effect of bimetallic electrocatalysts dramatically boosts the
reaction kinetics. The fastest benzoic acid reduction kinetics
on the PtRu/CP-4 surface implies the best capacity to employ
H,q produced by the Volmer step of the HER (H,q4 produced by
proton reduction). To evaluate the relative electrochemically
active surface area (ECSA), double-layer capacitance (Cq;) based
on CV measurements is conducted for elucidation of differ-
ences in electrocatalyst activity (Fig. S5T). As shown in Fig. 2d,
the Cq of PtRu/CP-4 is 36.7 mF cm™ 2, which is the greatest
among bimetallic PtRu electrocatalysts, almost 1.3 times and
3.1 times higher than that of Pt/CP (28.2 mF cm™?) and Ru/CP
(11.9 mF cm™?), respectively, implying that PtRu/CP-4 is con-
ferred with an expanded ECSA and greater exposure of active
sites on the surface. These possibly contribute to the mass
transfer on the electrode surface, thus enhancing the reaction
activity. Electrochemical impedance spectroscopy (EIS)
measurements are also performed to estimate the efficiency of
charge transmission, and Fig. S61 presents the corresponding
Nyquist plots of six electrocatalysts. The charge transfer resis-
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tance (R.) obtained from the fitted semicircles shows that
PtRu/CP-4 has the lowest R, among all the samples, indicating
a faster electron transfer at the interface of PtRu/CP-4 and the
electrolyte.

To certify the universal application of PtRu/CP-4, the ECH
of benzoic acid derivatives is conducted under mild conditions
(Table 2); the original gas chromatography-mass spectrometry
(GC-MS) spectra of products for substrate scopes are shown in
Fig. S7-S17.1 All the tested substrates undergo aromatic-ring
hydrogenation without hydrogenation of the carboxyl group.
0-Methyl benzoic acid is investigated at —50 mA at room temp-
erature, and 92.0% conversion is acquired in 9 h with a cis-
isomer of 90.9% selectivity. Clearly, the structure of o-methyl
benzoic acid is more complicated than that of benzoic acid,
demanding a longer time to consume. A high reaction temp-
erature is advantageous to improve the dissolution and mass
transfer of the substrate in the electrolyte. Therefore, the time
for reaching the equivalent conversion is reduced to 6 h at
50 °C. The hydrogenation of the aromatic rings of m-methyl
benzoic acid and p-methyl benzoic acid can also be achieved,
and the selectivity of the cis-product is greater than 90%. For
o-ethyl benzoic acid, the cis/trans ratio for the products of aro-
matic ring hydrogenation improves to 99.6/1.4 with practically
full conversion. In general, the hydrogenation of the above
substrates accomplishes a high stereoselectivity of cis-isomers,
probably explained by the steric hindrance effect.* The ECH
reaction is widely perceived to follow the Langmuir-
Hinshelwood (L-H) mechanism.”” The H,q on the metal elec-
trode surface can be believed to attack the substrate
molecule adsorbed on the electrocatalyst from the ipsilateral
direction, and the cis-isomer is the major product.
o-Trifluoromethylbenzoic acid, which possesses a more elec-
tron-deficient aromatic ring, is also implemented for hydro-
genation with a cis/trans ratio of 87.9/12.1. Nevertheless, the
presence of trifluoromethyl is drastically negative for the reac-
tion rate, and only 33.5% conversion is realized in 6 h, resem-
bling the published results.>*> However, 99.7% conversion
with the same selectivity can be achieved by extending the
reaction time to 20 h. It should be noted that even dicarboxylic
acid with a relatively massive functional group, e.g., phthalic
acid, can also be hydrogenated to the corresponding products
of aromatic ring saturation under far milder conditions than
TCH. Phthalide undergoes electrochemical hydrogenation as
well, showing a more efficient process than that of phthalic
acid. The selectivity of cis-hexahydrophthalide is reduced to
75.7% owing to the formation of by-products with the cleavage
of C-O bonds. In addition, the reaction is also suitable for
benzoic acid with common functional groups, such as
1-naphthoic acid, methyl benzoate, and anisole, but the reac-
tion conditions should be finely optimized. These results
provide an essential implication for the ECH of aromatic
model compounds containing polyfunctional groups and
imply the highly efficient hydrogenation capability of PtRu/
CP-4.

To investigate the structure of electrocatalysts, X-ray diffrac-
tion (XRD) patterns of the as-obtained electrodes are presented

This journal is © The Royal Society of Chemistry 2023
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Table 2 Electrocatalytic hydrogenation of benzoic acid derivatives over PtRu/CP-4

Entry Substrate Product Current (mA) Temp. (°C) Time (h) Conv. (%) FE (%) Sel. (%)
1“ COOH GOOH —50 RT 9 92.0 8.2 cis 90.9
©/ trans 9.2
=50 50 6 92.3 12.4 cis 92.2
trans 7.8
2 GOOH GOOH —50 50 6 96.9 12.9 cis 96.2
@\ @\ trans 3.8
3? COOH COOH —-50 50 3 99.2 5.3 cis 96.5
(P E j trans 3.5
4° FOOH GOOH -50 50 6 91.6 12.3 cis 98.6
©/\ O/\ trans 1.4
5¢ GOoH GOOH -50 50 6 33.5 4.3 cis 87.9
CFs (5/0':’ trans 12.1
6“ ¢OOH GOOH -50 50 20 99.7 4.0 cis 87.9
CFa CFs trans 12.1
7¢ COOH COCH —100 50 9 92.2 4.1 cis 96.3
©/°°°” @/CC’O” trans 3.7
8 ? e -100 50 4 100.0 10.4 ¢is 75.7
(:Eéo o trans 4.6
(Others? 19.7)
9° COCH COOH —50 50 2 100.0 2.5 91.9
10° COCH COCH —50 50 4 100.0 3.1 91.5
11¢ @_(_ <:>_<°_ =50 RT 4 96.8 17.9 92.0
b % (Others? 8.0)
12¢ —-50 RT 2 91.2 30.2 82.5

(Others? 17.5)

=
O

@ Reaction conditions: H-cell, 1 mL ethanol, 24 mL of 0.2 M H,SO,, 10 mM substrate. ? Reaction conditions: H-cell, 1 mL ethanol, 24 mL of 0.2 M
H,S0,, 2 mM substrate. ¢ Reaction conditions: H-cell, 1 mL ethanol, 24 mL of 0.2 M NaCl, 10 mM substrate. ¢ Others refer to the products by the
cleavage of C-O bonds. ¢ Reaction conditions: H-cell, 5 mL ethanol, 20 mL of 0.2 M H,SO,, 1 mM substrate.

in Fig. 3a. With respect to all samples containing platinum, other impurity phase in the pattern. Concerning PtRu/CP-X (X
the diffraction peaks at around 40°, 46°, and 68° correspond to = 2, 4, 6), the broadening of XRD peaks and a slight shift of
the lattice planes (111), (200), and (220) of the face-centered the Bragg angles to higher values compared to pure Pt demon-
cubic (fcc) structured platinum (JCPDS no. 04-0802), respect- strate the formation of bimetallic alloys through the incorpor-
ively. Apart from the characteristic peak of CP, there is no ation of Ru atoms into the Pt crystal lattice.>®*>° Specifically,

@ ps (b) Ptaf  Ptdfy, Ptaf, (@ Ru 3p
| . s .. PUCE] /\ — | pvcP \ \ o —~ | RucP
z | B PP S Nz e
@ PtRU/CP-2 g g
g PtRU/CP-4 £ | PRucP4 € |PRucP4
- N PtRU/CP-6 . y P .\
| ——PtJCPDS No.04-0802 | | ) - [—— Gac
1 L "
30 40 50 60 70 80 90 80 78 76 74 72 70 468 464 460
20/ degree Binding Energy (eV) Binding Energy (eV)

Fig. 3 (a) XRD patterns of CP, Pt/CP, Ru/CP, Pt/Ru/CP, PtRu/CP-2, PtRu/CP-4, and PtRu/CP-6. (The right illustration is a partially magnified image
of the tagged section.) (b) Pt 4f, and (c) Ru 3p XPS spectra of Pt/CP, Ru/CP, and PtRu/CP-4.
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the position of the (110) peak rises with increasing ruthenium
salt concentration in the electroplating solution. The XRD
pattern of Ru/CP seems difficult to determine, given that the
(101) plane of metallic Ru (JCPDS no. 06-0663) overlaps with
the peak of CP at around 44°, presumably in the form of amor-
phous Ru nanoparticles.?® The Pt/Ru/CP spectrum manifests
no significant variation versus Pt/CP, confirming no interaction
between Pt and Ru by the two-step electrodeposition process,
leading to only a slight enhancement in ECH activity.
Additionally, the XRD pattern of PtRu/CP-4 after five cycles is
almost invariant, proving that the two metals are still present
in the form of alloys (Fig. S187) and the electrode attains high
stability.

The X-ray photoelectron spectroscopy (XPS) spectrum
explores the surface chemical states of the samples and
further confirms the development of the PtRu alloy. The Pt 4f
core level in the spectrum of Pt/CP displays the spin-orbit
doublet peaks of 4f 7/2 and 4f 5/2 (Fig. 3b), wherein after
deconvolution into two pairs of doublets of each peak, the
binding energies at around 71.3 eV and 74.7 eV correspond to
the metallic state Pt.>*' Compared with Pt/CP, the binding
energy of Pt® is slightly shifted to a higher position in PtRu/
CP-4, which is the optimized catalyst with the highest hydro-
genation activity. The XPS spectra of the Ru 3p 3/2 region are
shown in Fig. 3¢ with deconvolution into two distinguishable
peaks of metallic and oxidized Ru, where the peak of Ru® is
slightly shifted to the lower-energy orientation in PtRu/CP-4
(Ru 3psjp: 462.1 eV) compared with that in Ru/CP (Ru 3pjz:
462.3 eV). These shifts are interpreted as the electron transfer
from Pt to Ru, suggesting the existence of alloys.*® The incor-
poration of Ru possibly exerts bimetallic synergistic effects due
to the modification of the electronic structure, thus endowing
PtRu/CP-4 with a dramatic leap over Pt/CP for the ECH of
benzoic acid. The Pt°/Pt>" ratio improves from 57/43 to 70/30
after Pt alloying with Ru, and the Ru®/Ru®" ratio also enhances
from 31/69 of Ru/CP to 49/51 of PtRu/CP-4, revealing that the
metal on the surface of PtRu/CP-4 exists more in the metallic
state, which may also be responsible for the higher activity.
XPS analysis shows an atomic Pt:Ru ratio of 5.01:1 on the
surface of PtRu/CP-4.

The morphologies of Pt/CP and PtRu/CP-X are evaluated by
scanning electron microscopy (SEM) and applied to explain
the correlation between the structure of electrocatalysts and
reaction properties. The SEM images of all samples at different
magnifications display that the surface fibers of CP are inter-
connected and catalyst particles are attached on the surface,
constituting a hierarchical one-dimensional (1D) structure
(Fig. 4a and S19-217), which attains more intimate contact
between the catalyst and electrolyte with open space and pro-
vides an adequate amount of accessible active sites at the
three-phase interface, developing rapid mass transfer.*?
Efficient electronic transmission is beneficial for improving
catalytic ability during the ECH process. The morphology and
size of metal nanoparticles for Pt/CP are not uniform through
the CV electrodeposition method (Fig. S19%). Interestingly, the
catalysts after alloying Pt and Ru are wrapped around the
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10 nm

Fig. 4 (a and b) SEM images, (c—f) EDX mapping and (g) TEM image of
PtRu/CP-4. (h) STEM and (i—k) EDX mapping of PtRu nanoparticles.

surface of CP and uniformly present as spherical nanoclusters,
and with the increase of Ru ion concentration in the electro-
plating solution, the size of the nanoclusters gradually
reduces. The alloy nanoclusters of PtRu/CP-2 exist in the range
of 80 and 150 nm (Fig. S20%), and these larger particles may
lessen the active sites. Considering the exposure of carbon
fibers, the catalyst diameter of PtRu/CP-6 is too small to cover
the surface of the support (Fig. S217), accordingly representing
a pronounced decrease in activity. The particle size of PtRu/
CP-4 is approximately 20-30 nm (Fig. 4b), namely, PtRu/CP-4
possesses the appropriate diameter nanoclusters and the nar-
rowest particle size distribution to entirely encompass the
carbon fiber, endowing the largest ECSA and providing more
active sites for the capture of substrate molecules. This
uniform structure also ensures high conductivity with the
lowest R.; and guarantees the best performance for the ECH of
benzoic acid. Elemental mapping by energy-dispersive X-ray
spectroscopy (EDX) is performed to analyze the distribution
and proportions of elements on the as-obtained samples
(Table S27), demonstrating that the Ru content in the alloy
catalyst rises as the concentration of Ru salt in the electroplat-
ing solution increases and two metallic elements are homoge-
neously dispersed on the macro level. The result shows an
atomic Pt:Ru ratio of 5.58:1 on the surface of the optimized
PtRu/CP-4, relatively in line with XPS and inductively coupled
plasma atomic emission spectroscopy (ICP-AES) analysis
(Table S2t). Moreover, the electrode surface morphology exhi-
bits spherical nanoclusters anchored on carbon fibers without
a significant change as shown in SEM images (Fig. S221), indi-
cating no agglomeration of active ingredients. The compo-
sition of surface metal elements (Pt: Ru = 5.26:1) is also vir-
tually identical to that of the freshly prepared electrode.

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3gc01540h

Published on 27 June 2023. Downloaded on 12/14/2025 6:45:22 PM.

Green Chemistry

The transmission electron microscopy (TEM) images also
unveil the discrimination in the morphology of Pt/CP and
PtRu/CP-4. The monometallic Pt nanoclusters are generously
sized (>50 nm) and irregularly shaped (Fig. S23t). PtRu/CP-4 is
composed of more uniform spherical nanoclusters (20-30 nm)
stacked by small nanoparticles (Fig. 4h). The nanoclusters on
Pt/CP show a d-spacing of 2.27 A for a crystal lattice, matching
the (111) plane of metallic Pt. Whereas there is an explicit
lattice contraction for PtRu/CP-4 (interplanar spacing of
2.25 A), suggesting the formation of an alloy phase between Pt
and Ru (Fig. 42). The elemental distribution of the PtRu alloy
is investigated by STEM-EDX analysis (Fig. 4h-k), revealing
that Pt and Ru elements are uniformly distributed on CP.

In situ Raman spectroscopy is conducted with current
control to uncover the impact of the alloy catalyst and the
equipment for measurement is shown in Fig. S24.7 Pt/CP, Ru/
CP, and PtRu/CP-4 are employed to research the adsorption be-
havior of benzoic acid. The Raman spectra of benzoic acid are
collected on the electrode surface at no current and —3 maA.
Benzoic acid displays two characteristic bands at ~1350 cm™*
and ~1610 cm™" for three electrocatalysts, representing the
carboxyl group and benzene ring, respectively.”® For Pt/CP, the
location of benzene shows a red shift of ~10 em™ at a current
of —3 mA, and the carboxyl group remains unchanged, indicat-
ing the strong adsorption of the benzene ring on Pt/CP and
the weak adsorption of the carboxyl group (Fig. 5a). This con-
sequence is in accordance with the high selectivity of aromatic
hydrogenation products in ECH. The typical bands of two
functional groups are barely shifted over Ru/CP (Fig. S257),
explaining the poor reactivity. Interestingly, the peak of the
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Fig. 5 In situ Raman spectra for (a) Pt/CP, and (b) PtRu/CP-4 at no
current control and —3 mA. (c) Comparison of Pt/CP, Ru/CP and PtRu/
CP-4. The X-axis represents the carboxyl shift. The Y-axis represents the
benzene ring shift. The Z-axis represents the ratio of the peak intensity
for carboxyl and benzene rings. (d) Potential-dependent Raman spectra
for PtRu/CP-4 under open circuit potential (OCP) and different applied
potentials (vs. Ag/AgCl). Conditions: 0.2 M H,SO4, 10 mM benzoic acid.
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benzene ring exhibits a more tangible red shift of 20 cm™" at
—3 mA on PtRu/CP-4 than that on Pt/CP, showing a greater
stretching and weakening of the bonds between C atoms in
the phenyl ring attributed to the synergistic effect; therefore
the conversion of benzoic acid is significantly improved using
PtRu/CP-4 (Fig. 5b). The ratio of peak intensities for aromatic
and carboxyl groups over PtRu/CP-4 is 2.28, more than twice as
high as over Pt/CP (1.10); namely, the alloyed structure assists
in the adsorption of the aromatic ring. Fig. 5c¢ visually sum-
marizes the above observation. The Raman spectra of benzoic
acid over three electrocatalysts at different potentials are also
collected. With the variation of the applied potential from the
open circuit potential (OCP) to —0.25 V (vs. Ag/AgCl), the inten-
sity of peaks for benzene and carboxyl groups over Pt/CP and
PtRu/CP-4 is significantly enhanced, indicating the stronger
adsorption of benzoic acid by the electric field (Fig. 5d). For
PtRu/CP-4, the peak intensity attributed to the aromatic ring is
distinctly greater than that of carboxyl groups with the increase
of potential, especially at —0.25 V, which behaves differently
from the signal on Pt/CP with no major variation between the
benzene and carboxyl groups (Fig. S26at). These also indicate
that more benzoic acid molecules adsorb on the surface of
PtRu/CP-4. In comparison, Ru/CP possesses a weak signal
overall and the applied potential value has no influence on the
peak intensity (Fig. S26bt), indicating the poor adsorption
capacity of benzoic acid molecules, which corresponds well to
the ECH results.

DFT calculations proceed to deeply identify the reason for
the better catalytic performance observed on PtRu/CP-4. The
conformation of PtRu/CP-4 is developed based on a Pt-Ru
atomic ratio of 5.4:1, herein denoted as PtRu (111). The Pt
(111) surface is also calculated for comparison. As shown in
Fig. S27,1 a sequence of alloy models is established to calcu-
late the energy, and the most stable structure is determined as
the representative of PtRu (111). Initially, parallel and vertical
adsorption structures of benzoic acid on Pt (111) and PtRu
(111) are constructed and optimized, respectively. The adsorp-
tion energies (E,q) of benzoic acid adsorbed in a parallel
manner on Pt (111) and PtRu (111) are calculated to be —2.17
and —2.49 eV, which are much larger than the vertical mode of
—0.75 and —0.77 eV (Fig. 6a). This implies that benzoic acid
employs aromatic rings forming a mixed o-r interaction with
metal atoms rather than carboxyl groups being adsorbed; con-
sequently, the bonds between the C atoms of the phenyl ring
can be selectively activated, which provides a good interpret-
ation for the high selectivity of cyclohexanecarboxylic acid and
no carboxyl hydrogenation on both catalysts. It is noteworthy
that the aromatic ring of benzoic acid is not arranged exclu-
sively parallel to the surface of the catalyst, but with slanted
hydrogen atoms and carboxyl groups.*® The variation of the
bond length presented in Table S3t also clarifies the stretching
of the bonds and the adsorption of metal atoms onto benzoic
acid molecules. The stronger benzoic acid adsorption in paral-
lel mode on PtRu (111) than that on Pt (111) evidences the
existence of a synergistic effect between Pt and Ru atoms pro-
moting the conversion of benzoic acid, which agrees with the
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Fig. 6 (a) Different adsorption configurations on Pt(111) and PtRu(111).
The charge density difference analysis of benzoic acid on (b) Pt(111) and
(c) PtRu(111). The green and yellow colors substitute the charge
accumulation and depletion regions, respectively. The isosurface level is
all the same, equal to 0.03 e A~>. (d) The relative energy diagram for the
ECH of benzoic acid with the schematic top view of the corresponding
reactants on the PtRu(111) surface.

experimental results. The capacity of PtRu (111) and Pt (111)
to adsorb protons is further analyzed. It is generally believed
that the H atom favors adsorption on the hollow sites of metal
surfaces.® Therefore, the models are established and opti-
mized to derive stable configurations as shown in Fig. S28.1
The E,q of the H atom on Pt (111) (—0.50 €V) is not as strong
as that on PtRu (111) (—0.52 eV). Higher H adsorption energy
may accelerate the Volmer step to generate H,q, which plays a
fundamental role as the source of hydrogen for ECH. Overall,
these results explicitly substantiate that the preeminent ECH
performance of PtRu/CP-4 can be assigned to the ability of the
alloyed structure to simultaneously improve the capture of
benzoic acid molecules and interfacial active hydrogen species
over the electrocatalysts.

The charge density difference plots featured in Fig. 6b and
¢ indicate distinctive electron transfer initiated by the
adsorbed benzoic acid on PtRu (111) and Pt (111). The car-
boxyl group (electron-accepting group) linked to the aromatic
ring (electron-donating group) may degrade the electron
density of phenyl, thus strongly adsorbing onto the metal
surface. After the adsorption of benzoic acid molecules, more
accumulation of electrons around the Ru atom reduces the
electron density of the aromatic ring, thereby facilitating the
activation of the reaction. From the above, the synergistic inter-
action between Pt and Ru atoms boosts the conversion of
benzoic acid, originating from the fact that Ru is employed to
modify the electronic structure of Pt. The first hydrogenation
started with transferring a surface-adsorbed H atom to benzoic
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acid, and six different attachments including the ortho-, meta-,
and para-sites of the carboxyl group according to the continu-
ous hydrogenation process**** are calculated and compared in
Fig. S29.1 The ortho-C¢H¢COOH(Ce) is the most stabilized
structure and the subsequent hydrogenation adheres to the
sequence of Cs5-C4-C3-C,-C; (Fig. S29%). Upon calculation
(Fig. 6d), the second step of hydrogenation (C¢HsCOOH to
Ce¢H,COOH) possesses the highest energy barriers throughout
the whole process, in line with the conclusion by Peng'! that
the rate-determining step of aromatic ring hydrogenation is
the addition of the first pair of hydrogen atoms. The activation
barriers on Pt (111) and PtRu (111) are 1.40 and 1.49 eV,
respectively. Consequently, it is emphasized that the high
activity of PtRu (111) is due to the reduced activation barrier of
the most energy-consuming step. Apart from verifying the
experimental results, the theoretical calculations define the
beneficial role of Ru and explain the reason for the high
efficiency of the PtRu alloy in the ECH of benzoic acid.

As shown in Fig. 7, the reaction mechanism over PtRu/CP-4
is summarized based on the above results and the previous
report.”” It should be noted that the L-H mechanism is gener-
ally believed to be the ECH pathway of organics with benzene
rings, e.g., the hydrogenation of phenol”” and benzaldehyde*
on the platinum-group catalysts, where adsorbed H atoms gen-
erated by the electrolysis of water react with the adsorbed
organics on the catalyst surface, with subsequent desorption
of the products from the cathode to the electrolyte. During the
ECH process of benzoic acid, H" is readily captured to produce
H,q due to the highly efficient electronic transmission arising
from the uniform electrodeposition of alloy nanoclusters and
the synergistic interactions between Pt and Ru atoms. As Ru
modifies the electronic structure of Pt, the adsorption capacity
of the catalyst onto benzoic acid is dramatically elevated.
Afterward, H,q is rapidly transferred to benzoic acid molecules
on the surface of the catalyst and the ECH reaction occurs. The
synergistic effect is likewise preferential in that it lowers the
energy barrier of benzoic acid hydrogenation and accelerates
the reaction rate. It is worth noting that the aromatic ring of
benzoic acid is deemed as the capture pattern rather than the
carboxyl group, thus favoring the high selectivity of cyclohexa-
necarboxylic acid with no by-product.

- & &

: ;&i& )§§

I
4
Carbon Paper @ Pt Ru c

H @0 @H,

Fig. 7 The possible mechanism for the ECH of benzoic acid over PtRu/
CP-4.
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Fig. 8 (a) The photograph of the ECH electrolyzer cell and reaction
system. (b) Relative content of benzoic acid and cyclohexanecarboxylic
acid. Conditions: 0.2 M H,SO,4, 10 mM benzoic acid, —100 mA, room
temperature.

To determine the practical application of PtRu/CP-4, a
proton-exchange membrane reactor is adopted for the ECH of
benzoic acid and the OER, thereby achieving the purpose of
flow feeding. PtRu/CP-4 (2.0 cm x 2.0 cm) and Pt foil located
on each side of the Nafion 117 membrane are cathode and
anode, respectively, and the physical image of the reaction
system is shown in Fig. 8a and S30.f Both chambers of the
electrolyzer are combined with peristaltic pumps and the elec-
trolyte tank. The electrolytes (100 mL anolyte and catholyte
containing 0.2 M H,SO, and 0.2 M H,SO, with 10 mM benzoic
acid, respectively) are circulated by the pump with an opti-
mized flow rate of 100 mL min~". Constant current electrolysis
is performed in a two-electrode system at —100 mA. Over 90%
of benzoic acid generates cyclohexanecarboxylic acid within
4.5 h in a nearly invariant voltage range of —2.2 to —2.3 V,
implying the high stability of this reaction system (Fig. 8b).
Such inspiring results emphasize the potential of PtRu/CP-4
for large-scale production of fine chemicals via
electrosynthesis.

Conclusions

In summary, uniform PtRu bimetallic nanoclusters electrode-
posited on carbon paper (CP) catalysts are prepared for the
electrochemical hydrogenation of aromatic rings in benzoic
acid derivatives, wherein optimized PtRu/CP-4 maintains an
inspiring high conversion of 92.9%, high selectivity of 100%,
and a high FE of 62.2% in an acidic aqueous electrolyte
without using external H,. The outstanding stability and wide
substrate scope also indicate the superiority of the PtRu bi-
metallic catalyst. Electrodeposition effectively strengthens the
combination of PtRu bimetallic active sites and carbon fibers
to promote electron transmission, while avoiding the aggrega-
tion of bimetallic nanoclusters to enhance their stability in
acidic environments. Given that Ru modifies the electronic
structure of Pt, the synergistic effect is capable of simul-
taneously improving the capture of benzoic acid molecules
and interfacial active hydrogen species. After adsorbing
benzoic acid, more accumulation of electrons around the Ru
atom reduces the electron density of the aromatic ring, thereby
facilitating the activation of the reaction. Moreover, the PtRu
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bimetallic catalyst is preferentially used to reduce the energy
barrier of benzoic acid hydrogenation and accelerate the reac-
tion rate. The large-scale ECH of benzoic acid to cyclohexane-
carboxylic acid is also tested using a continuous proton-
exchange membrane reactor, emphasizing its potential for pro-
ducing value-added chemicals via electrosynthesis. This work
provides a highly efficient strategy for the hydrogenation of
aromatic rings in benzoic acid derivatives under mild and
environmentally-friendly conditions.

Experimental

Materials

CP (TGPH-060) was produced by Toray. H,PtCls:6H,O and Ru
(NO)(NO,),(OH),, x +y = 3, (Ru 1.5% w/v) were obtained from
Aladdin and Macklin, respectively. Nafion-117 (DuPont,
America) was used to separate the cathode and anode com-
partments. Benzoic acid (99.5%), cyclohexanecarboxylic acid
(99%), o-methyl benzoic acid (98%), m-methyl benzoic acid
(>99.0%), p-methyl benzoic acid (98%), o-ethyl benzoic acid
(97%), o-trifluoromethylbenzoic acid (98%), phthalic acid
(99%), phthalide (99%), 1-naphthoic acid (98%), methyl benzo-
ate (99%), anisole (98%), and n-dodecane (>99.0%) were pur-
chased from Aladdin. Sulfuric acid (95-98%) and ethyl acetate
(>99%) were produced by Tianjin Kemiou Chemical Reagent
Co., Ltd.

Synthesis of PtRu/CP electrocatalysts

CP was cut into 1.5 cm x 2 cm pieces, and then washed with
acetone, ethanol, and DI water under ultrasonic treatment.
First, CP was subjected to hydrophilic treatment via an electri-
cal activation method using an Autolab PGSTAT302N/FRA
electrochemical workstation. The treatment was conducted in
a three-electrode system equipped with a clean CP as the
working electrode, a saturated calomel electrode (SCE) as the
reference electrode, and a carbon rod as the counter electrode
at —2.0 V for 60 s for each side of CP in 0.2 M K,SO,, and
finally washed with DI water. Typically, bimetallic PtRu cata-
lysts were synthesized by co-electrodeposition onto CP in a
three-electrode system (Scheme 1).""'%'® The setup of electro-
des was the same as above. Electrodeposition was performed
by CV, which was subjected to a range of potentials between
-0.5 and 1.7 V at a scan rate of 0.1 V s~ for 20 cycles. The
surface area of all prepared electrodes immersed in the electro-
lyte was controlled to 1.5 cm x 1.5 cm (ca. 0.0210 g). All electro-
Iytes consisted of an aqueous 0.5 M Na,SO, solution as the
supporting electrolyte. 2 mM, 4 mM, and 6 mM Ru salt solu-
tions were added to 10 mM of H,PtCls as the electroplating
solution, respectively, and recorded as PtRu/CP-2, PtRu/CP-4,
and PtRu/CP-6. The mass difference was ~1.2 mg before and
after electrodeposition. As a control, a Pt/Ru/CP electrode was
prepared by a step-by-step electrodeposition method.
Primarily, the Ru atoms were electrochemically fabricated on
the CP surface in 4 mM Ru salt solution. Subsequently, the Pt
atoms were deposited on the Ru/CP electrodes in a solution of
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10 mM H,PtCls. The monometallic catalysts (Pt/CP, Ru/CP)
were prepared using a 10 mM corresponding metal solution.
After these processes, the obtained working electrodes were
washed with DI water and dried in the air. In addition, PtRu/
CP-4 (2.0 cm x 2.0 cm) used in the PEM reactor for large-scale
application was prepared by CV co-electrodeposition for 50
cycles.

Catalyst characterization

The XRD of the prepared electrodes was investigated using a
Rigaku SmartLab 9 kW diffractometer with Cu Ka, radiation at
a voltage of 240 kV and a current of 50 mA. The 26 angular
regions were determined between 30° and 90° at a scan rate of
20° min~". XPS (ESCALAB250 Surface Science) was used to
characterize the electronic states of catalysts with an exciting
source of Al Ka = 1486.6 eV. The binding energies were cor-
rected for specimen charging by referencing C 1s to 284.6 eV.
The morphology of the electrodes and EDX were acquired by
SEM using a Hitachi UHR FE-SEM SU8220. TEM patterns were
obtained over a JEOL JEM-F200. The loading amount of Pt and
Ru on the electrodes was measured by ICP-AES on a
PerkinElmer AVIO 500 device. In situ Raman spectra were
recorded on a Thermo Fisher DXR Raman spectrometer. A
simple flow cell reactor as the reaction equipment for measure-
ment is shown in Fig. S30, where the as-obtained electrocata-
lysts served as the cathode, a Pt wire was applied as the anode,
and the reference electrode was Ag/AgCl. The Raman spectra
of benzoic acid were collected on the different electrode sur-
faces at no current, —3 mA, and applied potential from OCP to
—0.25 V (vs. Ag/AgCl).

Electrochemical measurements

Electrochemical measurements were performed using an
Autolab PGSTAT302N/FRA at room temperature, which con-
sisted of a three-electrode system with the prepared electrodes,
a platinum sheet, and an Ag/AgCl (in saturated KCI solution)
as the working, counter, and reference electrodes, respectively.
The potential vs. Ag/AgCl was converted to the potential vs.
RHE based on the Nernst equation:

All solutions were purged with N, to remove dissolved O,
before the experiments. LSV tests were recorded with 70% iR
compensation at a scan rate of 5 mV~" in 0.2 M H,SO, with
and without benzoic acid. CV proceeded in 0.2 M H,SO,
within a non-faradaic region for calculating Cq;, which deter-
mined the ECSA of the prepared electrodes. EIS tests were con-
ducted in the presence of benzoic acid at a frequency of 10°-
10~" Hz with an AC voltage of 10 mV.

Electrocatalytic hydrogenation of benzoic acid derivatives

Electrocatalytic activity tests were performed with the same
three-electrode system in a 25 mL H-type cell separated by
Nafion 117. The prepared electrodes (1.5 cm x 1.5 cm), a plati-
num foil electrode (2.5 cm x 2.5 ¢cm), and an Ag/AgCl (in satu-
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rated KCI solution) electrode with a salt bridge served as the
working, counter, and reference electrodes respectively. The
prepared electrodes were polarized for 10 min at a constant
current of —50 mA before electrocatalytic reaction tests, where
both the anode and cathode chambers contained 0.2 M
H,S0,. Subsequently, benzoic acid was added into the cathode
compartment until it was wholly dissolved for a final concen-
tration of 10 mM, followed by galvanostatic electrolysis with a
specified current at room temperature (certain benzoic acid
derivatives were electrolyzed at 50 °C, and the specific reaction
conditions for substrate scopes are shown in Table 2). During
the stability experiment, PtRu/CP-4 was washed with DI water
and ethanol after each cycle, and the electrolyte was substi-
tuted with a fresh one. After the reaction, 1 mL of the cathodic
solution was collected and extracted with 2 mL of ethyl
acetate, which contained n-dodecane as the internal standard.
The liquid samples were analyzed using an Agilent GC 8890A
with a FID (HP-5 capillary column, 0.25 pm x 0.32 mm X
30 m), and the correction factor by standard materials was cal-
culated. The carbon balance of all reaction results was above
95%. The products for the hydrogenation of benzoic acid
derivatives were detected by GC-MS on an Agilent 7890/5973
equipped with MSD ChemsStation software. The evaluation
indicators were calculated based on the following equations:

mol of benzoic acid consumed
mol of initial benzoic acid

Conversion of benzoic acid(%) =

x 100%
(2)
. o mol of X formed
Selectivity to X (%) = mol of all identified products X 100% (3)
FE(%) mol of formed « 100% (a)

" total charge passed(C)/(F x n)

Space — timeyield(gm > h™")
_ quantity of cyclohexanecarboxylic acid(g) (5)
"~ reactorvolume(m3) x reaction time(h)

Carbon balance(%) =
mol of all products + mol of remaining benzoic acid (6)
mol of initial benzoic acid

where X is the reaction product, F is the faradaic constant
(96 485 C mol ™), and 7 is the number of electrons required for
product formation (n = 6 for benzoic acid to cyclohexanecar-
boxylic acid and other benzoic acid derivatives to its benzene
ring hydrogenation products).

DFT calculations

All calculations were carried out using Materials Studio soft-
ware 19.1 with the program package DMol®. The generalized-
gradient approximation (GGA) with the Perdew-Burke—
Ernzerhof (PBE) functional described the exchange-correlation
energy. In configuration optimization, the parameters of the
tolerance for the self-consistent field (SCF), energy, maximum
force, and maximum displacement were set to 1.0 x 107>
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Hartree, 1.0 x 10~> Hartree, 0.002 Hartree per A and 0.005
Hartree per A, respectively. To enhance computational per-
formance, all calculations were performed with a thermal
smearing of 0.005 Ha and spin polarization. 4-Layer 4 x 4 Pt
(111) and PtRu (111) slabs were built with a 20 A vacuum gap
and fixed bottom two layers. A (2 x 2 x 1) k-point grid was set,
and the TS method was used for DFT-D correction. The E,4 of
the different adsorbates is defined as:

Ead - Etotal - (Eadsorbate + Ebaresurface) (7)

where Ei., shows the total energy of the slab after adsorption,
Eadsorbate 1S the energy of an adsorbate molecule, and Epare
surface 15 the energy of the bare metal surface.
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