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Biomass pyrolysis oil can be improved effectively by electrocatalytic hydrogenation (ECH). However, the
unclear interactions among different components lead to low bio-oil upgrading efficiency in the conver-
sion process. Herein, benzaldehyde and phenol, as common compounds in bio-oil, were chosen as model
compounds. The interactions between the two components were explored in the ECH process by combin-
ing experiments and theoretical calculations. Results showed that phenol could accelerate the conversion
of benzaldehyde in the ECH. The selectivity of benzyl alcohol was increased from 60.9% of unadded phe-
nol to 99.1% with 30 mmol/L phenol concentration at 5h. Benzaldehyde inhibited the ECH of phenol. In
the presence of benzaldehyde, the conversion rate of phenol was below 10.0% with no cyclohexanone and
cyclohexanol formation at 5h. The density functional theory (DFT) calculations revealed that the phenol
could promote the adsorption of benzaldehyde and facilitate the targeted conversion of benzaldehyde on
the active site by lowering the reaction energy barrier. The research on the interaction between phenol
and benzaldehyde in the ECH provides a theoretical basis for the application of ECH in practical bio-oil

upgrading.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In recent decades, the dual pressure of energy shortage and en-
vironmental degradation has aroused interests in the field of re-
newable and clean energy [1]. Biomass energy, as a renewable en-
ergy source, has attracted attention due to its abundance, environ-
mental friendliness, low cost and carbon neutrality [2,3]. In ad-
dition, biomass can be converted into bio-oil, biochar and com-
bustible gas by thermochemical technology [4]. Therein, bio-oil as
a potential fuel is regarded to be a suitable alternative for future
fuels [5]. The raw bio-oil obtained via thermochemical treatment
cannot be directly used due to disadvantages of complex compo-
sition, instability, high viscosity, low calorific value and strong cor-
rosion [5,6]. Therefore, it is necessary to improve the viability of
bio-oil as a liquid fuel by upgrading its quality.

Traditional upgrading technologies such as catalytic hydrogena-
tion, steam reforming, catalytic cracking, supercritical water and
emulsification can improve the properties of bio-oil [7]. However,
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the reaction conditions of steam reforming, catalytic hydrogenation
and catalytic cracking are harsh, and the catalyst is easily deac-
tivated [8-10]. Besides, the process of catalytic hydrogenation re-
quires a large amount of external hydrogen (H,) [6]. Supercritical
water and emulsification require expensive organic solvents and
emulsifiers [11,12]. Comparatively, electrocatalytic hydrogenation
(ECH), as an emerging bio-oil upgrading technology has received
extensive attention [13,14]. Bio-oil ECH is usually performed at re-
action temperatures below 80°C and atmospheric pressure [15].
Mild reaction conditions can reduce the occurrence of polymer-
ization and catalyst deactivation caused by coking [16]. Addition-
ally, no external H, is required during the ECH process. The oxida-
tion of water or organics at the anode produces hydrogen ions and
electrons, which are transferred to the cathode for bio-oil refining
[6,17]. Ideally, the energy needed for bio-oil upgrading would be
obtained through clean energy conversion such as solar and wind
energy, making the whole process carbon-free [13]. Therefore, ECH
is considered as a green method for producing fuels and chemicals
from pyrolyzed bio-oil [18].

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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The current research is focused on ECH of single bio-oil model
compound. Reactive carbonyl groups in bio-oils could be converted
into stable alcohols by ECH [19]. Benzaldehyde could be selec-
tively reduced to benzyl alcohol on C-supported Pt, Rh, Pd, and
Ni electrodes in the ECH system [19]. The Au cathode facilitated
the conversion of benzaldehyde and glutaraldehyde to the corre-
sponding alcohol products [20]. The ECH conversion rate of furfural
was 82.0% with 99.0% selectivity of furfuryl alcohol at room tem-
perature on 3%Pt/activated carbon fibers (ACF) electrode (voltage:
—0.5V, electrolyte: 0.1 mol/L H,SO4) [21]. Zhang et al. also synthe-
sized CuzP/carbon fiber cloth (CFC) electrocatalyst successfully for
ECH of furfural, achieving about 100% selectivity of furfuryl alco-
hol [22]. The three-dimensional Ru/TiO, electrode was employed
for the phenol ECH with >99.5% conversion rate of phenol and
up to 97.0% selectivity of cyclohexanol at pH 7 after 60 min [23].
Liu et al. [24] designed a polyoxometalate (POM)-Pt/C dual cata-
lyst system to achieve high-performance ECH and deoxygenation
of phenol. More than 99.0% phenol was converted at 35°C within
11.3 min. The selectivity to cyclohexanol and cyclohexane reached
80.2% and 18.6%, respectively. However, the ECH of multiple bio-oil
components and actual bio-oils has been less studied. Specifically,
the interactions between components during the ECH upgrading
of multi-component bio-oil are still unclear. In addition, conven-
tional carbon carriers were considered neutral with defects of low
wettability and poor reactivity [25]. Doping nitrogen in the frame-
work of carbon carriers can improve the compatibility and appli-
cability of carbon carriers with metal catalysts, achieving interfa-
cial interactions [26]. Moreover, nitrogen-doped carbon materials
can improve the electrical conductivity of the electrode, thereby
boosting the catalytic activity [27]. The use of nitrogen-containing
biochar can realize resource utilization and avoid the addition of
nitrogen sources. In our previous work, Pt-modified shrimp shell
carbon (SSB) catalyst (Pt/SSB) electrodes have been prepared for
the phenol ECH, achieving 100% conversion of phenol and 98% to-
tal selectivity of cyclohexanol and cyclohexanone at 5h [28]. Small
molecule aldehydes and ketones are one of the main reasons for
the instability of bio-oils [29]. Besides, phenols and small molecule
aldehydes are prone to polymerization [29]. Hence, this work fur-
ther studies the interactions of aldehydes and phenolic compounds
at the Pt/SSB electrode in the ECH process.

In this study, phenol and benzaldehyde were selected as bio-oil
model compounds. The effects of reaction conditions such as reac-
tant concentration, Pt loading, reaction temperature, reaction cur-
rent and electrode type on the conversion rate, and selectivity of
products were explored in the ECH system. The interaction mecha-
nism between the ECH processes of phenol and benzaldehyde was
clarified by electrochemical performance test and DFT calculation.
In addition, the composition changes of the actual bio-oil before
and after electrocatalytic upgrading were further studied. The ob-
tained results are beneficial to promote the application of electro-
catalysis in upgrading of practical bio-oil.

The dried shrimp shells were obtained from commercially avail-
able ordinary fresh shrimp. The carbon felt and Nafion-117 mem-
brane came from Inner Mongolia Wanxing Carbon Co., Ltd. and
Shanghai Hesen Co., Ltd., respectively. The main chemicals needed
in this study were shown in Text S1 (Supporting information).

Platinum-based shrimp shell carbon electrodes were prepared
according to previous studies [28]. The platinum precursors were
loaded onto the surface of the shrimp shell carbon by chemical
reduction method. First, the pre-prepared shrimp shell charcoal
(0.5g) was immersed in PtCl, solution (0.4, 0.8, 1.2 and 1.6 mg/mL)
and then sonicated for 2 h. The reaction was carried out by adding
an appropriate amount of NaBH, solution (0.5mol/L) under vig-
orous stirring. The reaction product was washed three times with
deionized water and dried in a vacuum drying oven at 80°C for
12 h. Finally, the Pt/SSB catalyst was loaded onto the pretreated
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Fig. 1. The effect of phenol concentration on the (a) benzaldehyde conversion and
(b) selectivity of benzyl alcohol at Pt/SSB electrode. Pt loading: 1.8 mg/cm?, current:
100 mA, reaction temperature: 50 °C, reaction time: 5h.

carbon felt. ECH of phenol and benzaldehyde were performed in
a H-type reactor under the constant current. The 0.1 mol/L Na,;SO4
and 0.2 mol/L H,SO4 solution were placed in the cathode and an-
ode chambers, respectively. The cathode electrode is a carbon felt
(~2 x2cm) loaded with Pt/SSB catalyst [28], and the anode elec-
trode is a Pt sheet electrode (1 cm x 1cm, 99.9%). Electrodes were
activated at 40 mA for 10 min after the reaction platform was as-
sembled. Phenol or benzaldehyde was mixed with 5mL methanol
in the cathode chamber to form a 50 mmol/L reaction solution. The
electrocatalytic upgrading reaction of bio-oil model compounds
was carried out by stirring with a magnetic stirrer for 5h. In addi-
tion, 0, 15 and 30 mmol/L of phenol were added into the cathode
compartment to study the effect of phenol on the ECH of ben-
zaldehyde. Moreover, the ECH performance of benzaldehyde un-
der different Pt loadings (0.0, 0.6, 1.2, 1.8 and 2.4mg/cm?), re-
action currents (80, 90, 100, 110 and 120 mA), temperatures (30,
50 and 70°C) and electrodes (Pt/SSB, Pt/carbon black (CB) and
Pt/SBA-15) were compared with and without phenol. The effect of
benzaldehyde on the ECH of phenol was studied using the same
method. The sample with a volume of 0.5mL was withdrawn at
1h intervals and extracted with 1mL of dichloromethane. A gas
chromatography-mass spectrometry (GC-MS) with a built-in Rtx-
5 column (30m x 250pum) was used to identify the products [28].
Conversion rate and selectivity are calculated (Text S2 in Support-
ing information). Each experiment was carried out in triplicates.

The detail of actual bio-oil preparation was displayed in Text S3
(Supporting information).

First-principle calculations were carried out using DFT with
generalized gradient approximation (GGA) of Perdew-Burke-
Ernzerhof (PBE) implemented in the Vienna Ab-Initio Simulation
Package (VASP) [30,31]. The adsorption energy of benzaldehyde on
Pt sites can be defined as follows (Eq. 1):

Eads = Etotal + Esubstrate + Emolecule (1)

where Eia1, Esupstrate @A Eqojecule T€Present the energy of sub-
strate with adsorption, substrate and free molecule, respectively.
The mixture of phenol and benzaldehyde was hydrogenated by
electrocatalysis. Fig. 1 showed the conversion rate of benzalde-
hyde and product selectivity during ECH in the presence of dif-
ferent phenol concentrations. Obviously, the reaction rate of ben-
zaldehyde ECH was accelerated from 1.57 h~! without phenol to
2.28 h~! with phenol concentration of 30 mmol/L (Fig. S1 in Sup-
porting information). Up to 98.5% conversion rate of benzaldehyde
was achieved within 2h at a phenol concentration of 30 mmol/L
(Fig. 1a). In addition, the existence of phenol also had an impor-
tant influence on the selectivity of benzyl alcohol (Fig. 1b). In the
absence of phenol, the selectivity to benzyl alcohol was only about
60.9% in 5h, which increased to 94.7% when a small amount of
phenol (15 mmol/L) was added. Evidently, phenol played an impor-
tant role in promoting the directional transformation of benzalde-
hyde. As presented in Table S1 (Supporting information), the phe-
nol conversion and product selectivity changed significantly with
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Fig. 2. The effect of Pt loading on the (a) benzaldehyde conversion and (b) selec-
tivity of benzyl alcohol at Pt/SSB electrode in the presence of phenol; the effect of
current on the (c) benzaldehyde conversion and (d) selectivity of benzyl alcohol at
Pt/SSB electrode in the presence of phenol. Except for the influencing factors, other
reaction conditions including Pt loading: 1.8 mg/cm?, current: 100 mA, phenol con-
centration: 15 mmol/L, reaction temperature: 50 °C, reaction time: 5 h.

the addition of benzaldehyde. Compared with the ECH of phenol
alone, the ECH process of phenol was inhibited after the addition
of benzaldehyde. A little phenol was converted and no formation
of cyclohexanone and cyclohexanol was found. Therefore, it can be
speculated that benzaldehyde ECH inhibited phenol ECH, making
benzaldehyde ECH superior to phenol ECH.

The changes in the conversion of benzaldehyde and the selec-
tivity of benzyl alcohol during the ECH on Pt/SSB electrode with
different Pt loadings in the presence of phenol were shown in
Figs. 2a and b. In particular, the reaction rate of benzaldehyde
reached 3.45 h~! at a Pt loading of 0mg/cm?2, which was even
higher than that of the Pt/SSB electrode (2.32 h—1) with a Pt load-
ing of 2.4mg/cm? (Fig. S2a in Supporting information). Moreover,
100% benzaldehyde was converted without Pt loading (Fig. 2a).
However, the selectivity to benzyl alcohol was only 1.5% on the
SSB electrode. Furthermore, the results of GC-MS analysis showed
that most benzaldehyde was transformed into hydrobenzoin by in-
termolecular dehydration condensation reactions, which might be
contributed by the carbon felt [32]. The selectivity of benzyl alco-
hol increased from 1.5% to 87.2% in 5h when the Pt loading in-
creased from 0 to 0.6 mg/cm? (Fig. 2b), indicating that benzalde-
hyde hydrogenation was the dominant reaction. As the Pt load-
ing continued to increase, both the conversion rate and selectiv-
ity of benzaldehyde were improved. The addition of phenol en-
hanced the selectivity to benzyl alcohol significantly compared to
the absence of phenol during ECH (Figs. S3a and b in Support-
ing information). The selectivity of benzyl alcohol increased from
19.2%, 84.5%, 90.0%, 91.4% without phenol to 87.2%, 90.6%, 94.7%
and 95.8% with phenol when the Pt loadings were 0.6, 1.2, 1.8,
and 2.4mg/cm?, respectively. The conversion rate of phenol and
product selectivity under different Pt loadings in the presence of
benzaldehyde are shown in Table S1. The ECH efficiency of phe-
nol under different loadings of Pt were lower than 10.0% with no
cyclohexanone and cyclohexanol detected.

Current could drive the continuous ECH of bio-oil model com-
pounds. The change of current will influence the production rate
of reducing hydrogen [33], thereby affecting reactant conversion
and product selectivity. As indicated in Figs. 2c and d, currents
have a significant impact on the conversion of benzaldehyde and
the selectivity of benzyl alcohol during ECH with Pt/SSB electrodes
in the presence of phenol. It is obvious that the reaction rate of
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Fig. 3. The effect of reaction temperature on the (a) benzaldehyde conversion and
(b) selectivity of benzyl alcohol at Pt/SSB electrode in the presence of phenol; the
effect of electrode on the (c) benzaldehyde conversion and (d) selectivity of benzyl
alcohol in the presence of phenol in the ECH system. Except for the influencing
factors, other reaction conditions including Pt loading: 1.8 mg/cm?, current: 100 mA,
phenol concentration: 15 mmol/L, reaction temperature: 50 °C, reaction time: 5h.

benzaldehyde was accelerated with the increase of reaction cur-
rent. The rates of benzaldehyde ECH were 2.15, 2.17, 2.18, 2.25 and
3.45 h~! at currents of 80, 90, 100, 110 and 120 mA, respectively
(Fig. S2b in Supporting information). Phenol enhanced benzalde-
hyde conversion effectively (Figs. S3¢ and d in Supporting informa-
tion), reaching 100.0% benzaldehyde conversion in 2 h. In contrast
to the product selectivity with benzaldehyde ECH alone (Fig. S3d),
phenol improved the selectivity of benzyl alcohol remarkably (up
to 94.7%) at a high current (100 mA). Similar to benzaldehyde ECH
alone, excessively high or low currents were detrimental to the tar-
geted conversion of benzaldehyde to benzyl alcohol. The conver-
sion rate of phenol and product selectivity under different reaction
currents with benzaldehyde are illustrated in Table S1. Analogous
to the Pt loading, no significant conversion of phenol was found,
further indicating that benzaldehyde ECH may occur preferentially.

The effect of reaction temperature on the ECH of benzaldehyde
at the Pt/SSB electrode with phenol was shown in Figs. 3a and b.
Compared with the ECH reaction of benzaldehyde alone (Figs. S4a
and b in Supporting information), the optimal reaction tempera-
ture for the ECH conversion of benzaldehyde changed from 50°C
to 70°C in the presence of phenol, realizing the conversion rate of
100.0% with the higher reaction rate at 70°C (2.20 h~!, Fig. S2¢
in Supporting information). However, high temperature can pro-
mote the hydrogen evolution reactions, thereby inhibiting the for-
mation of benzyl alcohol (Fig. 3b) [6]. Surprisingly, compared with
the ECH of benzaldehyde alone (Figs. S4a and b), the benzaldehyde
conversion and the selectivity of benzyl alcohol were greatly en-
hanced with phenol at low temperature (30°C). The reason could
be attributed to the low reactivity of the low-temperature hydro-
gen evolution reaction and the greater adsorption energy of ben-
zaldehyde on Pt site with phenol. The conversion rate of benzalde-
hyde and the selectivity of benzyl alcohol increased from 92.5%
and 86.5% to 100.0% and 94.0% respectively, which provided a new
idea for the practical application of benzaldehyde ECH. Besides, no
obvious ECH conversion of phenol was found at different reaction
temperatures (Table S1).

The type of support can affect the electrocatalytic performance
of catalysts [6]. The ECH conversion and benzyl alcohol selectivity
on Pt electrode with different supports in the presence of phenol
were plotted in Figs. 3¢ and d. Apparently, benzaldehyde exhib-
ited excellent ECH reaction rate (2.18 h~!, Fig. S2d in Supporting
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Fig. 4. Content changes of phenol, benzaldehyde and their ECH products. Electrode:
Pt/SSB, Pt loading: 1.8 mg/cm?, current: 100 mA, reaction temperature: 50 °C, reac-
tion time: 10h.

information) and benzyl alcohol selectivity (94.7%, Fig. 3d) on the
Pt/SSB electrode with co-existing phenol. The selectivity of benzyl
alcohol was enhanced by 4.6% on the Pt/SSB electrode with phenol
existence versus the ECH of benzaldehyde alone (Figs. S4c and d
in Supporting information). Surprisingly, the phenol also improved
the performance of Pt/SBA-15 and Pt/CB electrodes for the ECH of
benzaldehyde, which may be ascribed to greater adsorption capac-
ity of benzaldehyde on the Pt sites in the presence of phenol. The
conversion rate of benzaldehyde and the benzyl alcohol selectivity
were also improved significantly on the Pt/SBA-15 and Pt/CB elec-
trodes. To some extent, the existence of phenol is working on the
electrode surface. In addition, no obvious ECH conversion of phe-
nol and product formation were found under the action of Pt elec-
trodes with different supports (Table S1), thereby the benzalde-
hyde ECH occurs preferentially over phenol ECH on Pt electrodes
with different carriers.

Based on the experimental investigation of multi-component
influencing factors, the preferential occurrence of benzaldehyde
ECH reaction over phenol ECH reaction was inferred (Table S1).
To explore the phenol conversion after the complete conversion
of benzaldehyde, the reaction time was appropriately extended
to 10h to observe the change of the final product. The content
changes of phenol, benzaldehyde and their ECH products were
shown in Fig. 4. Almost no phenol ECH occurred within the first
4h. A slight decrease of phenol may be ascribed to its attachment
to the electrode surface and participation in the benzaldehyde ECH.
In addition, benzaldehyde was almost converted into benzyl al-
cohol completely at 4h. Meanwhile, phenol declined slowly with
the gradual formation of cyclohexanone and cyclohexanol. More-
over, the conversion of phenol and the product selectivity within
5-10h in the mixed ECH system were lower than those of phe-
nol ECH alone [28], attributing to the reduction of the active sites
on the electrode surface. Therefore, benzaldehyde might inhibit the
phenol ECH. Notably, a few benzyl alcohols started to be further
converted into cyclohexyl methanol after all the benzaldehyde was
converted into benzyl alcohol. In detail, about 60.0% of benzyl al-
cohol was diminished. Nonetheless, only about 5.0% of cyclohexyl
methanol was produced, suggesting that further ECH of benzyl al-
cohol was more difficult.

The electrocatalytic upgrading performance of actual bio-oil on
Pt/SSB electrode was also shown in Fig. S5 (Supporting informa-
tion).

Fig. 5 showed the linear sweep voltammetry curves of Pt/SSB
catalysts in 0.1 mol/L Na,SO, solutions with different concentra-
tions of phenol and benzaldehyde. Apparently, the current value of
90 mA could be driven by a voltage of —0.76V on the Pt/SSB elec-
trode in the absence of phenol and benzaldehyde. The potential
of Pt/SSB electrode shifted significantly to —0.48V with the addi-
tion of 15 mmol/L phenol, which was 0.28 V lower than that with-
out phenol and benzaldehyde. When 15 mmol/L benzaldehyde was
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Table 1
Energy barriers (eV) to be overcome for the stepwise hydrogenation of benzalde-
hyde at Pt active sites in the presence or absence of phenol.

Steps With phenol No phenol
AE, 0.36 0.77
AE, 0.28 0.73

AE1 and AE2 are energy barriers needed to be overcome from *C;HgO to TS1 and
*C7H,0 to TS2 respectively. * represents the adsorption state. TS is transition state.

added, the potential of Pt/SSB electrode was shifted to —0.64V to
the left with an offset of 0.12V, which was less than 1/2 of the
potential left shift by adding an equal concentration of phenol. A
potential shifted to the left by 0.26 V with the simultaneous addi-
tion of 15mmol/L phenol and 15 mmol/L benzaldehyde, indicating
phenol could reduce the reaction potential of benzaldehyde ECH.
Therefore, phenol can promote the ECH of benzaldehyde.

The energy for the stepwise ECH of benzaldehyde on Pt site was
calculated in the presence and absence of phenol to further explore
the interaction mechanism of ECH of bio-oil model compounds
(Fig. 6). The adsorption energy of benzaldehyde was —0.56 eV dur-
ing ECH of benzaldehyde alone. The adsorption energy expanded to
—0.98 eV after phenol was added. Hence, the phenol could enhance
the adsorption capacity of benzaldehyde at the active sites dramat-
ically, facilitating the subsequent gradual reduction of benzalde-
hyde. The energy barriers to be overcome for the stepwise ECH of
benzaldehyde with or without phenol on Pt sites were shown in
Table 1. Clearly, the energy barrier for the stepwise ECH of ben-
zaldehyde was decreased significantly in the presence of phenol.
In detail, the energy required for TS1 and TS2 transition was less
than 1/2 of the energy barrier needed for the ECH of benzalde-
hyde alone. Therefore, phenol can not only promote the adsorp-
tion of benzaldehyde, but also facilitate the directional conversion
of benzaldehyde on the active site by lowering the reaction energy
barrier.

In this work, the electrocatalytic upgrading rate and product se-
lectivity of single and mixed bio-oil model compounds were com-
pared. The interaction mechanism of phenol and benzaldehyde
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during ECH was clarified. Phenol facilitated the directed trans-
formation of benzaldehyde, while benzaldehyde inhibited phenol
ECH. The ECH of benzaldehyde occurs preferentially over that
of phenol. The ECH of phenol began as the conversion of ben-
zaldehyde completed. Pt loading of 1.8 mg/cm?, reaction current
of 100 mA, reaction temperature of 50°C and carrier of SSB were
more favorable for the conversion of benzaldehyde to benzyl alco-
hol in the ECH of mixed phenol and benzaldehyde. DFT calculation
results showed that phenol increased the energy difference be-
tween free and adsorbed benzaldehyde from —0.56eV to —0.98 eV.
Besides, the energy barrier for the stepwise ECH of benzaldehyde
was reduced with the presence of phenol. Therefore, phenol pro-
moted the targeted conversion of benzaldehyde on the Pt active
site by enhancing the adsorption of benzaldehyde and lowering the
reaction energy barrier. In addition, the relative content of unsat-
urated oxygenated compounds such as aldehydes, acids and phe-
nols in pyrolytic bio-oil decreased after electrocatalytic upgrading,
while the relative content of alcohols, ketones and esters increased.
The obtained results provided an experimental basis for the criti-
cality of interactions between bio-oil model compounds for bio-oil
ECH. In addition, catalysts played an important role in the ECH of
bio-oil. Therefore, further studies on the interaction between com-
plex components of bio-oil and the design of catalysts with multi-
ple types of active sites are beneficial to improve the quality of bio-
oil in electrocatalytic processes. However, noble metals hinder the
large-scale applications of bio-oil ECH due to high cost and bar-
ren reserves. Hence, the development of non-precious metals can
promote industrial applications of bio-oil electrocatalytic upgrad-
ing [34-39].
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