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alorization of 5-
hydroxymethylfurfural coupled with hydrogen
production using tetraruthenium-containing
polyoxometalate-based composites†

Hui Zhou,a Yuanyuan Dong, *a Xing Xin,a Manzhou Chi,a Tinglu Songb

and Hongjin Lv *a

Electrocatalytic biomass valorization represents a promising route to produce sustainable and carbon-neutral

products, especially when coupled with hydrogen production. Here we report a Ru4/PEI-rGO electrocatalyst,

prepared by electrostatic integration of a tetraruthenium-containing polyoxometalate, Rb8K2[Ru4(m-O)4(m-

OH)2(H2O)4(g-SiW10O36)2]$25H2O (Ru4), with polyethyleneimine (PEI) modified rGO, which can efficiently

electrocatalyze biomass-derived 5-hydroxymethylfurfural (HMF) to value-added furanic products

simultaneously coupled with H2 production in near neutral media. Under minimally optimized conditions,

the conversion of HMF and the yield of H2 reached 50.8% and 55.4 mmol after 6 hour electrocatalysis at

0.94 V vs. Ag/AgCl, respectively. 2,5-Diformylfuran (DFF) was detected as the dominant oxidation product

with a selectivity of 66.2%. The faradaic efficiencies (FEs) of the anode and cathode reached 97.0 � 3% and

100.2 � 2%, respectively. In the presence of the 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) additive, the

conversion of HMF reached 99.7%, and the distribution of the oxidation product has been greatly altered,

wherein furanic carboxyl products are dominant. Various electrochemical characterization studies and

spectrogram analyses, especially Fourier Transformed Alternating Current (FTAC) voltammetry, were

employed to disclose that RuV centers were catalytically active species, and the three-electron oxidized

Ru4 species are responsible for the excellent electrocatalytic activity. Long-term electrocatalysis

demonstrated that the present Ru4/PEI-rGO composite possessed good stability for catalysis.
uanyuan Dong received her PhD
egree from Tianjin University
nder the supervision of Prof.
inbin Ma. Aer nishing the
ostdoctoral training with Prof.
hijun Liao at South China
niversity of Technology and
rof. Qi Chen at Beijing Institute
f Technology (BIT), she joined
he School of Chemistry and
hemical Engineering at BIT as
n Assistant Professor. Her
urrent research is focused on the
late-semiconductor composites,
le energy conversion, and value-
hemicals.

ience, Beijing Key Laboratory of

School of Chemistry and Chemical

, Beijing 102488, P. R. China. E-mail:

f Chemistry 2022
Introduction

With the increasing global demand for environmental protec-
tion and energy requirements, the development of renewable
energy, such as the electrocatalytic conversion of biomass, has
inspired great research interest.1–5 HMF, as a top-rated biomass-
derived building block chemical, can be used as a versatile
precursor for the production of ne chemicals, plastics, phar-
maceuticals, and liquid fuels.6 HMF can be oxidized to a wide
range of chemicals including DFF, 5-hydroxymethyl-2-furan-
carboxylic acid (HMFCA), 5-formyl-2-furancarboxylic acid
(FFCA) and 2,5-furandicarboxylic acid (FDCA).7 During the past
few years, a large number of electrocatalytic/photo electro-
catalytic systems have been reported, including noble metal
catalysts (Pt,8 Au/Pd,9 and Ru pincer10), non-noble metal cata-
lysts (NiO/Ni(OH)2,11 Ni NPs,12 Ni2P,6 NixB,13 NiCo2O4,14

CuNi(OH)2/C,15 and BiVO4,16 and metal-free catalysts (B/N–C17).
bExperimental Center of Advanced Materials, School of Materials Science &

Engineering, Beijing Institute of Technology, China
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Scheme 2 The schematic diagrams of (a) the preparation route of
Ru4/PEI-rGO and (b) the electrocatalytic conversion of HMF coupled
with hydrogen production system.
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These catalysts were reported to effectively catalyze the oxida-
tion of HMF to FDCA in strong alkali electrolyte via path II
(Scheme 1). Interestingly, DFF is also a high value-added plat-
form chemical and can be used either as a monomer, or as
starting material in the synthesis of furan-urea resins, foams,
binders, and pharmaceuticals.18 However, only a few reports
about the oxidation of HMF via path I exist (Scheme 1).19

Additionally, it is also an interesting topic to regulate the
product distribution (furanic aldehyde and furanic carboxyl)
during the valorization of HMF, whereas there are rarely related
reports so far according to our knowledge. Therefore, it is highly
desirable to develop efficient electrocatalysts for the electro-
oxidation of HMF with adjustable value-added products.

Polyoxometalates (POMs), a large class of early transition-
metal (e.g. VV, NbV, TaV, MoVI, and WVI) oxygen-anion clusters
with usually d0 electronic conguration,20 have been considered
as one of the promising multi-electron transfer catalysts due to
their rich redox chemistry, compositional tunability, and
excellent electron reservoir capacity. POMs have been widely
applied in photo/electrocatalysis elds including the HER,21–24

OER,25–27 and CO2RR.28–30 Additionally, POMs ((KCl4)Na7[(b-
CD)3(SiW12O40)]$9H2O,31 (THA)3[SbW9O33(RSiO)3Ti(OiPr)],32

(Gd4(H2O)26[WZn{Cu(H2O)}2(ZnW9O34)2]$24H2O,33

[Co(BBPTZ)3][HPMo12O40]$24 H2O,34 [TMGHA]2.4H0.6PW12O40,35

and HxPMo12O403H4Mo72Fe30(CH3COO)15O254
36 were also re-

ported to effectively oxidize alcohols, alkenes, and thiophene
with H2O2 or O2 as an oxidant at appropriate temperatures.
However, there are few reports on the electrocatalytic oxidation
of biomass derivatives using POMs as electrocatalysts, espe-
cially while integrating with hydrogen production to construct
a more valuable electrochemical coupling system.37 Moreover,
POMs, with a specic elemental composition and distinct
geometric structure, could be easily used as a model catalyst to
investigate catalytically active sites and the reaction mecha-
nism. Therefore, it is an interesting topic to develop POM-based
composite electrocatalysts to convert biomass into high value-
added products and simultaneously produce hydrogen.

Herein, we report the preparation of a Ru4/PEI-rGO
composite via the electrostatic interaction of Ru4 POM and
PEI modied rGO (Scheme 2a), which could efficiently electro-
catalyze oxidation of HMF to value-added furanic products
simultaneously coupled with hydrogen generation (Scheme 2b).
The reaction parameters during the preparation of catalysts and
the electrocatalytic process were further optimized, including
the amount of PEI, the content of Ru4 POM, the loading
quantity of the composite electrocatalyst onto carbon cloth, and
the reaction atmosphere. The positive inuences on electro-
catalytic activities of the additive TEMPO were also investigated.
Scheme 1 Two possible pathways of HMF oxidation to their corre-
sponding aldehydes and acids.

19964 | J. Mater. Chem. A, 2022, 10, 19963–19971
Various electrochemical characterization studies and spectro-
gram analyses, especially FTAC voltammetry, were employed to
disclose the catalytically active species and further get insight
into the electrocatalytic oxidation mechanism of HMF.
Results and discussion

The preparation of Ru4/PEI-rGO is described in detail in the
Experimental section. The hydrothermal temperature was
determined based on the results of thermogravimetric (TG) and
differential thermal analysis (DTA) (Fig. 1a). A weight loss of
5.87% is associated with the loss of 22 water molecules termi-
nally bound to the RuIV centers as well as the accompanied
endothermic process. The Ru4-containing residue aer TG
analysis could be re-dissolved in water as a homogeneous and
transparent solution (Fig. S1†), indicating that the molecular
structure of Ru4 POM could be kept intact below 400 �C. Scheme
2a depicts the schematic synthetic diagram of Ru4/PEI-rGO via
electrostatic self-assembly, as revealed by the changes in zeta
potential (z) (Fig. 1b).

Fig. 2 shows the Fourier transform infrared (FT-IR) spectra of
GO, PEI-rGO, Ru4/PEI-rGO, and Ru4 samples. The characteristic
bands at 1052, 1225 cm�1, 1401 and 1720 cm�1 marked with
light yellow block were attributed to the vibration bands of C–O–
C, O–H and C]O for GO, respectively.38,39 Aer graing with PEI
molecules, the bands at 1052 and 1720 cm�1 completely
disappear, along with obvious weakening of two peaks at 1401
(nO–H) and 1225 (nC–O) cm

�1. The strong band at 1618 cm�1 in
GO is replaced by a band at 1640 cm�1 (light blue block) in PEI-
rGO, which is attributed to the formation of amide bonds
Fig. 1 (a) TG analysis (top) and DTA data (bottom) of the Ru4/PEI-rGO
sample. (b) Zeta potentials of GO, PEI-rGO, Ru4, and Ru4/PEI-rGO
samples.

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 FT-IR spectra of GO, PEI-rGO, Ru4, and Ru4/PEI-rGO samples.
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because of the reduction of GO by PEI molecules. In addition,
a new band at 1460 cm�1 (light blue block) appears in PEI-rGO
which is assigned to the C–N stretching vibration.40 These
observations fully indicate the successful graing of PEI mole-
cules onto the GO surface, conrmed by the changes in z from
�42.28 mV of GO to 32.35 mV of PEI-rGO (Fig. 1b). Additionally,
the characterization bands marked with grey block identify the
typical features of g-disubstituted polytungstates (940 cm�1

W]Od stretching; 850 cm�1 W–Ob–W stretching of corner-
sharing octahedron; 805–730 cm�1 W–Oc–W stretching of
corner-sharing octahedron)41 and a characteristic Ru–O–Ru
mode (487 cm�1),42 showing the successful immobilization of
Ru4 onto the PEI-rGO surface, which is consistent with the
changes in z from the 32.35mV of PEI-rGO to�47.54 mV of Ru4/
PEI-rGO (Fig. 1b).

Ru4/PEI-rGO displayed a transparent nanosheet morphology
as illustrated by the transmission electron microscopy (TEM)
images (Fig. 3 and S2†). Energy-dispersive X-ray (EDX)
elemental analysis conrmed the presence of Ru, W, Si, and Rb
elements (Fig. S3†). Moreover, the ne Ru4 POM clusters were
uniformly distributed on the PEI-rGO surface as evidenced by
high-resolution TEM (le bottom image in Fig. 3) and high-
angle annular dark-eld scanning transmission electron
microscopy (HAADF-STEM) and element mapping analysis
(Fig. 3).
Fig. 3 TEM and HAADF-STEM images and element mapping for the
Ru4/PEI-rGO electrocatalyst.

This journal is © The Royal Society of Chemistry 2022
To further conrm the elemental composition and chemical
oxidation state, XPS measurements were conducted on Ru4
POM and the Ru4/PEI-rGO composite. The W 4f, Ru 3p, Si 2p,
and O 1s signals were clearly detected in the XPS survey spectra
(Fig. S4†). The peaks at binding energies of 462.5 eV (Ru 3p3/2)
and 484.5 eV (Ru 3p1/2) were attributed to the RuIV species
(Fig. 4a). The peaks at 35.0 eV (W 4f7/2) and 37.1 eV (W 4f5/2) were
assigned to the WVI species (Fig. 4b), which is consistent with
the literature report.41 Aer immobilization, both the Ru 3p
and W 4f XPS signals shied negatively to lower binding ener-
gies, indicating the partially reduction of Ru4 POM caused by
the electron density shi from PEI-rGO to Ru4 POM.

The electrocatalytic activity of the Ru4/PEI-rGO composite
was rst evaluated by cyclic voltammetry (CV) and linear sweep
voltammetry (LSV) analyses (Fig. 5a and b) in pH 6 HAc/NaAc
buffer solution (0.5 M). Compared with rGO and PEI-rGO, the
Ru4/PEI-rGO composite exhibited obvious oxidation current at
a relatively more negative onset potential. Additionally, the
open-circuit potential also shied to a more negative value
(0.26 V vs. Ag/AgCl, Fig. 5a), indicating that Ru4 POM has been
reduced spontaneously by the HMF substrate. These observa-
tions imply that the Ru4/PEI-rGO composite shows efficient
electrocatalytic activity towards HMF oxidation. Upon electro-
catalysis for 6 hour at 0.94 V vs. Ag/AgCl (Fig. 5c), the anode
oxidation products were detected and quantied by high
performance liquid chromatography (HPLC) (Fig. S5†),
achieving 50.8% conversion of the HMF substrate with a total
selectivity of anodic furanic products of 95.5%. Additionally,
DFF dominated the anodic oxidation products with a selectivity
of 66.2% (Fig. 5d). For rGO and PEI-rGO as control electro-
catalysts, the yield of DFF is very low in spite of their high HMF
conversion, which could be ascribed to the deep mineralization
of HMF as illustrated by the extremely lower carbon balance (Xc)
and the GC spectra of the gaseous products at the anode
chambers (Fig. S6†). In terms of the cathodic product, a H2 yield
of 55.4 mmol was obtained in the Ru4/PEI-rGO-electrocatalytic
system. Additionally, faradaic efficiencies of the anode and
cathode were basically consistent, indicating that the oxidation
of HMF over Ru4/PEI-rGO has effectively proceeded via the
electrocatalytic process (Fig. 5e). Additionally, electrochemical
impedance spectroscopy (EIS) measurements were performed
at 0.94 V vs. Ag/AgCl for further investigating the electro-
chemical kinetics of HMF oxidation. As shown in Fig. 5f, the
similar resistance indicated that the modication of PEI did not
Fig. 4 The high-resolution (a) Ru 3p and (b) W 4f XPS spectra of Ru4
and Ru4/PEI-rGO.
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Fig. 5 (a) CV and (b) LSV curves of rGO, PEI-rGO and Ru4/PEI-rGO
electrocatalysts. (c) The i–t response curve of Ru4/PEI-rGO at 0.94 V
vs. Ag/AgCl for 6 h. The conversion of HMF, the selectivity of liquid
products and the yield of H2 (d) and FE (e) of products for rGO, PEI-
rGO and Ru4/PEI-rGO electrocatalysts upon bulk electrolysis at 0.94 V
vs. Ag/AgCl for 6 h at room temperature. (f) Nyquist plots for rGO, PEI-
rGO and Ru4/PEI-rGO in 5 mM HMF (0.5 M pH ¼ 6 HAc/NaAc) at
0.94 V vs. Ag/AgCl and the equivalent circuit diagram.

Fig. 6 The effects of the reaction atmosphere (a and b) and
concentration of TEMPO (c and d) on the electrocatalytic activities of
Ru4/PEI-rGO.
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inuence the electron transfer between HMF and rGO during
the electrocatalysis. Moreover, the smaller resistance implied
a fast electron transfer between Ru4 and HMF, and therefore
Ru4/PEI-rGO exhibited efficient electrocatalytic activity towards
HMF oxidation.

We further optimized the reaction parameters during the
preparation of catalysts and the electrocatalytic process,
including the amount of PEI, the content of Ru4 POM, the
loading quantity of the composite electrocatalyst onto carbon
cloth, the reaction atmosphere (Tables S1 and S2† and Fig. 6
and S7†), etc. Despite the higher conversion of HMF in an O2

atmosphere, the faradaic efficiencies and the selectivity of
oxidation products are inferior to those in an air atmosphere
(Fig. 6a and b). Therefore, the subsequent electrocatalysis tests
were all conducted in an air atmosphere using the above-
mentioned optimized parameters. Additionally, the amount of
Ru was determined to be 2.4 wt% for the optimized Ru4/PEI-rGO
electrocatalyst by inductively coupled plasma (ICP), which is
highly cost-effective compared to the noble metal alloy-based
electrocatalysts reported in the literature with similar electro-
catalytic activities.19 Compared with the reported noble metal-
based electrocatalysts, Ru4/PEI-rGO used in this work exhibi-
ted signicant advantages in the electrooxidation of HMF to
DFF at near-neutral electrolyte (Table S3†).

Careful inspection of the CV and LSV curves of the Ru4/PEI-
rGO-based electrode reveals an obvious oxidation peak at 0.7 V,
identifying the indirect oxidation of HMF. It can be proposed
19966 | J. Mater. Chem. A, 2022, 10, 19963–19971
that Ru4 is rst electrooxidized to its active oxidizing state that
could further oxidize HMF during the electrocatalytic process.
The redox chemistry and multi-electron transfer capacity of
POMs largely depend on the pH, applied voltage, and the elec-
trolyte solution;43 we thus investigated the inuences of these
parameters on the electrocatalytic activity. As shown in Table 1
(entries 1–3), the conversion of HMF gradually increased with
increasing pH value, and DFF is still the dominant anodic
oxidation product, whereas the selectivity of FFCA was gradually
enhanced which could be attributed to the favorable formation
of carboxyl products under alkaline conditions.44 Given the
higher furanic yield and faradaic efficiencies, the HAc/NaAc
buffer solution (0.5 M) at pH 6 was selected as the optimized
electrolyte. Then, the electrolysis has further been conducted at
different applied voltages (Table 1, entries 2, 4, and 5). As shown
by the experimental results, the yields of furanic products and
H2 gradually increased with the increment of applied voltages,
which is more obvious in the lower voltage range. To avoid the
oxygen evolution competing reaction, an applied voltage of
0.94 V was used for HMF electrooxidation.

Moreover, a commonly-used additive, TEMPO that was re-
ported to effectively facilitate the selective transformation of
primary alcohols into aldehydes by a 2e-transfer mechanism,45

was further utilized to promote the electrocatalysis. As shown by
entry 6 of Table 1, the conversion of HMF reached almost 100%,
and the yield of H2 was enhanced by 4.6 times with the addition
of 1 eq. (5 mM) TEMPO, respectively. The furanic carboxyl
products (FFCA and FDCA) dominated the oxidation products.
The inuence of the amount of TEMPO on the electrocatalytic
activity was further investigated (Fig. 6c and d). Both the
conversion of HMF and the yield of furanic products are pro-
portionally increased with the increment of TEMPO. Moreover,
the distribution of oxidation products changed signicantly,
and the carboxyl products won by a landslide. According to the
enhanced electrocatalytic performance and the varied product
distribution, it could be suspected that TEMPO can effectively
This journal is © The Royal Society of Chemistry 2022
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Table 1 Screening of reaction conditions for the electrocatalytic oxidation of HMF by Ru4/PEI-rGOatbl1fna

Entry Conditions

HMF HMFCA DFF FFCA FDCA Furanic
FE of anode
(%)

H2

Con. (%) Sel. (%) FE (%) Sel. (%) FE (%) Sel. (%) FE (%) Sel. (%) FE (%) Sel. (%) Yield (mmol) FE (%)

1 pH 4, 0.94 V 33.5 0 0 41.0 67.5 6.7 21.9 0 0 47.6 89.4 11.3 86.4
2 pH 6, 0.94 V 50.8 0.7 0.6 66.2 51.7 28.3 44.2 0.3 0.6 95.5 97.1 55.4 100.2
3 pH 8, 0.94 V 56.9 1.0 0.8 52.5 43.4 30.5 50.5 0.3 0.7 84.3 95.4 46.0 92.4
4 pH 6, 0.8 V 47.1 0.6 0.6 39.0 45.6 22.9 52.3 0.8 3.6 63.3 100.2 33.5 85.2
5 pH 6, 0.6 V 30.7 0 0 24.2 77.9 4.6 29.7 0 0 28.8 100.6 6.5 100.3
6 +1 eq. TEMPO 99.7 0.17 0.07 0 0 52.6 40 41.4 47 94.2 87.1 253.0 96.2

a Conditions: 0.5 M HAc/NaAc buffer solution, HMF (5 mM), Ru4/PEI-rGO catalysts (0.5 mg), bulk electrocatalysis for 6 h at applied voltage vs. Ag/
AgCl.
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promote the conversion of HMF to DFF, which is further
oxidized to carboxyl products by Ru4/PEI-rGO.

The above experimental observations further encouraged us
to understand the redox behavior of the Ru4/PEI-rGO composite
in order to better illustrate the catalytically active species and
the electrooxidation mechanism of HMF. Considering that
direct current cyclic voltammetry cannot unambiguously
distinguish the redox peaks of the potential active species from
that of resting RuIV centers (Fig. 5a), FTAC voltammetry is
therefore employed to better identify the redox behavior of RuIV

centers by taking advantage of the fact that the higher harmonic
components are sensitive to the fast-heterogeneous electron
transfer process, but insensitive to the catalytic process.46

Fig. 7a depicts the 1st–5th harmonic components of a FTAC
voltammogram of Ru4/PEI-rGO supported with a 1 cm2 carbon
cloth in pH 6 buffer solution containing 5 mM HMF. The shape
of the 1st harmonic current is obviously different from that of
the LSV curve, where the oxidation current of RuIV quickly rea-
ches the limited value and further decreased (theoretically s-
shaped curve).47 Since the RuIV center is rst oxidized to the
oxidation state at lower voltage, the concomitant oxidation
current reaches a maximum value as the voltage increases;
meanwhile, the HMF oxidation process occurs, leading to
a decline in the oxidation current of the RuIV center at
increasing voltage. The reversible potentials of the RuIV/V center
were determined according to the criterion reported in the
literature.47 The potential was taken as the average of the valley
potentials from forward and reverse scans of potential in the
case of even harmonic components, while the average of the
Fig. 7 1st to 5th (top to bottom) harmonic components of a FTAC
voltammogram (f ¼ 10 Hz, DE ¼ 20 mV, and scan rate ¼ 92 mV s�1) of
Ru4/PEI-rGO supported with a 1 cm2 carbon cloth in (a) pH 6, (b) pH 4
and (c) pH 8 buffer solutions containing 5 mM HMF.

This journal is © The Royal Society of Chemistry 2022
peak potentials from both forward and reverse scans in the case
of odd harmonic components was taken. Four well-dened one-
electron transfer processes are shown in Fig. 7a assigned to the
process 1(0)/1(1), 1(1)/1(2), 1(2)/1(3), and 1(3)/1(4) at reversible
potentials of 0.58 V, 0.75 V, 0.94 V and 1.12 V, where 1 repre-
sents the RuIV core, and 1(0) and 1(x) stand for its initial form
with the oxidation state RuIV and the x-electron oxidized form,
respectively. The observed redox behavior is consistent with the
results of Ru4 POM in the homogeneous solution (Fig. S8†). The
harmonic components of the FTAC voltammograms in pH 4
and pH 8 electrolyte solutions are shown in Fig. 7b and c,
respectively. In the case of pH 4, the RuIV/V redox processes are
composed of two 1e-transfer processes (1(0)/1(1) and 1(1)/1(2))
and one 2e-transfer process (1(2)/1(4)). In the case of pH 8, the
RuIV/V redox processes are composed of 1(0)/1(1), 1(1)/1(3), and
1(3)/1(4) components. These observations were in good agree-
ment with the results obtained in the homogeneous solution
(Fig. S9 and S10†). Such pH-dependent redox behavior of RuIV/V

was also observed in the literature.47

At an applied voltage of 0.94 V during the electrolysis
process, Ru4 stayed at the oxidation state of 1(3) in pH 6 and pH
8 electrolyte solutions but at an oxidation state of 1(2) in pH 4
electrolyte solution (Fig. 7).The yield of furanic products at pH 6
reaches 48.5%, which is 3 times higher than that of the catalytic
system (15.9%) at pH 4 (entries 1–3, Table 1). Therefore, it could
be concluded that the discrepancy in oxidation states of Ru4
resulted in the different electrocatalytic oxidation performances
under three electrolyte conditions, wherein Ru4/PEI-rGO in the
oxidation state 1(3) performed the best. Similar results have also
been obtained by the electrolysis experiments of Ru4/PEI-rGO at
0.6 V, 0.8 V, and 0.94 V, corresponding to the 1(1), 1(2), and 1(3)
oxidation states, respectively. Specically, a furanic yield of
48.5% achieved at an applied potential of 0.94 V (entry 2,
Table 1) was 5.5 times higher than that of the experiment at
0.6 V (8.8%, entry 5, Table 1), substantiating that the electro-
catalytic activity largely depends on the proportion of the RuV

species in the Ru4/PEI-rGO composite.
To further understand the chemical environment and elec-

tronic properties of Ru4/PEI-rGO, XPS measurements were
carried out on Ru4/PEI-rGO aer 6 hour electrolysis at 0.94 V in
pH 6 electrolyte solution. Compared with that of the fresh
catalyst (Fig. S11a†), no obvious changes were observed for the
J. Mater. Chem. A, 2022, 10, 19963–19971 | 19967
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C 1s + Ru 3d XPS spectra (Fig. 8a), indicating good stability of
the carbon substrate. The deconvoluted signal of Ru–OH
(Fig. S11b†), assigned to the water molecules bounded to RuIV

centers,48 signicantly decreased aer electrolysis (Fig. 8b),
proving the active participation of RuIV centers during electro-
catalysis. As illustrated by CV and FTAC voltammogram anal-
yses, the initial RuIV centers were rst electrooxidized to RuV

centers, which further oxidize the HMF substrate during elec-
trocatalysis. The presence of the RuIII species48,49 in the XPS
spectra should be attributed to the two-electron reduction of
RuV centers by the HMF substrate (Fig. 8c).50 Therefore, the
percentage of the RuIII species can indirectly reect the
proportion of the RuV active species in situ electrogenerated
during electrocatalysis. The electronic properties of the Ru
species aer electrocatalysis differ considerably at the different
applied voltages and pH values (Fig. S12†). It is shown that the
peak area of the RuIII species gradually increases with the
increasing applied anodic potential (Fig. 8c, S12a and b†),
strongly illustrating the enhanced oxidation of RuIV to the RuV

species, which is also consistent with the results of FTAC vol-
tammetry (Fig. 7a). While maintaining a constant applied
anodic potential, the higher pH value of the electrolyte solution
also results in a larger peak area of the RuIII species (Fig. S12c
and d†), also in good agreement with the FTAC voltammetry
results (Fig. 7b and c).

To intuitively explore the inuences of the RuV species on the
eletrocatalytic activities, the proportion of the RuIII species
determined by the XPS results is thus plotted against the yield of
furanic products (entries 1–5, Table 1). As Fig. 8d shows, the
yields of furanic products are positively related to the
percentage of the RuIII species, indirectly implying that the
electrocatalytic activities also show positive correlation to the
proportion of the RuV species. Moreover, the yield of DFF is
linear to the proportion of the RuIII species, which provides
solid proof that RuV centers can effectively oxidize HMF to DFF
Fig. 8 The high resolution (a) C 1s + Ru 3d, (b) O 1s and (c) Ru 3p XPS
spectra of Ru4/PEI-rGO upon electrolysis for 6 h at 0.94 V at pH ¼ 6.
(d) The plots of the yields of furanic products versus the percentage of
the RuIII species.

19968 | J. Mater. Chem. A, 2022, 10, 19963–19971
via a two-electron transfer process with itself being reduced to
RuIII, whereas the four-electron transfer process (HMF to FFCA)
was limited. When TEMPO was added in the electrocatalytic
system, the FFCA yield of 52.4% (entry 6, Table 1) is improved
3.6 times that of the system without TEMPO (entry 2, Table 1);
such increased FFCA yield should be attributed to the efficient
two-electron oxidation of DFF to FFCA by RuV centers given the
fact that TEMPO can promote the oxidation of HMF to DFF
(Fig. S13†).

Therefore, based on all above analyses and experimental
results (CV, FTAC, and XPS data), it can be concluded that RuV

active species in situ generated in the Ru4/PEI-rGO electro-
catalyst are responsible for the efficient electrocatalytic oxida-
tion of HMF, and the three-electron oxidized Ru4 1(3) species
performed the best during the electrolysis process. Therefore,
the electrocatalytic oxidation mechanism of HMF is proposed
as follows; upon electrolysis, in the anodic chamber, the RuIV

centers in the Ru4/PEI-rGO composite was rst oxidized to the
three-electron oxidation state 1(3) that can catalyze the
conversion of HMF to furanic products with itself being trans-
formed into the RuIII species. In the meantime, the released
protons during these processes are further subjected to reduc-
tion to hydrogen in the cathodic chamber, accomplishing
a complete valorization cycle of HMF to furanic products and
hydrogen.

To investigate the stability, long-term bulk electrolysis of
Ru4/PEI-rGO was conducted (Fig. 9a and S14†). With prolonging
electrolysis, the conversion of HMF gradually increased and
reached 71.4% aer 12 hours. No obvious changes were
observed in the SEM and TEM images (Fig. S15†) of Ru4/PEI-
rGO aer the long-term reaction compared to that of the fresh
Ru4/PEI-rGO composite (Fig. S2†). The FT-IR spectra were
further used to determine the possible changes of the
composite aer long-term electrolysis. As shown in Fig. 9b, the
characteristic bands of W]O, W–O–W, and Ru–O–Ru of Ru4
POM still remain aer 12 hour long-term electrolysis, revealing
the intact skeleton structure of Ru4. It is worth mentioning that
the slight red shi of characteristic bands could be attributed to
the enhanced electronic interaction between Ru4 and the PEI-
rGO support. In addition, to test the heterogeneity of the Ru4/
PEI-rGO electrocatalyst, the amount of Ru in the post-reaction
solution aer 12 hour electrolysis was quantied to be
0.04 ppm by the ICP test, indicating the stable electrostatic
immobilization of Ru4 POM onto the PEI-rGO surface. These
Fig. 9 (a) The long-term bulk electrolysis of Ru4/PEI-rGO at an
applied voltage of 0.94 V in pH 6 electrolyte solution. (b) FT-IR spectra
of Ru4 and Ru4/PEI-rGO before and after long-term electrolysis.

This journal is © The Royal Society of Chemistry 2022
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results strongly conrmed that Ru4 POM possessed good
stability during the electrolysis process in the near-neutral
electrolyte.
Conclusions

In conclusion, we have reported the preparation of a Ru4/PEI-
rGO electrocatalyst through electrostatic integration of
negatively-charged Ru4 POM and positively-charged PEI
modied rGO. The resulting Ru4/PEI-rGO electrocatalyst can
effectively catalyze the oxidation of HMF into value-added
furanic products simultaneously coupled with hydrogen
production. We have further optimized the reaction parame-
ters during the preparation of catalysts and the electrocatalytic
process, including the amount of PEI, the content of Ru4 POM,
the loading quantity of the composite electrocatalyst onto
carbon cloth, the reaction atmosphere, etc. Moreover, the
inuences of a commonly-used additive, TEMPO, on the
electrocatalytic activity were also investigated, which not only
signicantly promoted the electrooxidation of HMF but also
regulated the product distribution. Electrochemical tech-
niques (CV, LSV and FTAC) and XPS analyses were employed to
disclose the catalytically active species and further get insight
into the electrocatalytic oxidation mechanism of HMF as
follows; upon electrolysis, in the anodic chamber, the RuIV

centers in the Ru4/PEI-rGO composite was rst oxidized to the
three-electron oxidation state 1(3) that can catalyze the
conversion of HMF to furanic products with itself being
transformed into the RuIII species. In the meantime, the
released protons during these processes are further subjected
to reduction to hydrogen in the cathodic chamber, accom-
plishing a complete valorization cycle of HMF to furanic
products and hydrogen.
Experimental
Materials and methods

All starting chemicals and solvents for synthesis, characteriza-
tion, and electrochemical tests were purchased from commer-
cial sources without further purication unless otherwise
noted. Rb8K2[Ru4(m-O)4(m-OH)2(H2O)4(g-SiW10O36)2]$25H2O
(Ru4) was synthesized according to a method reported in the
literature. TG analysis was performed by using a Mettler Toledo
TGA/DSC 1100 thermal analyzer with a rate of 10 �Cmin�1 in an
air atmosphere. FT-IR was performed on a Bruker Tensor II with
KBr pellets. Scanning electron microscopy (SEM) images and
EDX element analysis images were collected on a ZEISS
Supra55. HRTEM, HAADF-STEM analysis and element mapping
analysis images were collected with an FEI Talos F200X. The
zeta potential was obtained by using a NICOMP Z3000 NANO
ZLS. The XPS data were collected by using a PHI QUANTERA-II
SXM (ULVAC-PHI, Japan) with Al Ka. Inductively coupled
plasma optical emission spectrometry (ICP-OES) data were ob-
tained with an Agilent ICPOES730.
This journal is © The Royal Society of Chemistry 2022
Synthetic procedures

Synthesis of Ru4 POM. Ru4 POM was synthesized according
to a method reported in the literature.51 K8[g-SiW10O36]$12H2O
(4.00 g) was rst dissolved in 65 mL of H2O, followed by the
addition of RuCl3$H2O powder (0.60 g). The solution immedi-
ately turned brown, and pH dropped to about 2.6, which was
further adjusted to 1.6 by the dropwise addition of HCl solution
(6 M). Aer continuous stirring for 5 min, RbCl solution (2 M)
was added dropwise into the mixture. Upon ltration at room
temperature, brown plate crystals began to form aer 24 h.

Synthesis of GO. GO was prepared by the modied
Hummers' method.52 Graphite powder (1 g) and sodium nitrate
(0.5 g) were added into concentrated sulfuric acid (23 mL) and
magnetically stirred at 5 �C for 2 h. Potassium permanganate (3
g) was slowly added into the mixture, followed by further stir-
ring at 35 �C for 2 h and 98 �C for 0.5 h. Aerwards, an appro-
priate amount of hydrogen peroxide was added to react with
excess permanganate ions. Finally, brownish graphite oxide was
obtained aer ltering, washing and freeze-drying.

Synthesis of PEI modied reduced GO (PEI-rGO). GO (80 mg)
was dispersed into 20 mL of deionized water and ultrasonicated
for 10 min to form a brown homogeneous aqueous solution.
20mL of PEI aqueous solution (4 mgmL�1) was added dropwise
into the GO aqueous solution under stirring and then stirred for
24 h. Upon centrifugation and washing, the precipitate was re-
dispersed into 40 mL of deionized water to further immobilize
Ru4. The preparation of PEI-rGO modied with different
amounts of PEI is similar to the procedures described above
apart from the concentration of PEI aqueous solution of 0, 10,
and 50 mg mL�1.

Synthesis of Ru4/PEI-rGO. The electrocatalyst Ru4/PEI-rGO
was prepared as follows; 40 mL Ru4 aqueous solution (1 mg
mL�1) was added dropwise into 40 mL of PEI-rGO solution
under vigorous stirring. Aer stirring for 24 h, the mixture was
transferred into a 100 mL Teon-lined autoclave and hydro-
thermally treated at 180 �C for 10 h. Finally, a black solid was
collected by centrifugation, washing repeatedly with deionized
water and alcohol, and vacuum drying. The preparation of Ru4/
PEI-rGO electrocatalysts with different amounts of Ru4 is
similar to the aforesaid procedures, except for the Ru4 aqueous
solutions of 0.5, 0.75, and 1.25 mg mL�1.
Electrochemical measurements

Electrochemical measurements were carried out with a CHI
660E potentiostat at room temperature, using an airtight H-type
electrochemical cell with the carbon cloth as the working elec-
trode, the Pt sheet as the counter electrode, and a Ag/AgCl
electrode as the reference electrode. The working electrode
was prepared as the following procedure; catalyst ink was rst
prepared by sonicating a mixture of 5 mg Ru4/PEI-rGO catalyst
and 1 mL Naon ethanol solution (0.25 wt%) for 30 min. Next,
the clean and pre-treated carbon cloth (1 � 1 cm2) was evenly
coated with 100 mL catalyst ink, followed by drying under an
infrared lamp. LSV and CV measurements were conducted in
sequence for the electrocatalysts. 0.5 M HAc/NaAc buffer solu-
tion containing 5 mMHMF was used as the electrolyte solution.
J. Mater. Chem. A, 2022, 10, 19963–19971 | 19969
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EIS measurements were performed in 5 mM HMF at 0.94 V vs.
Ag/AgCl. Before testing, the cathodic chamber was purged with
CH4/Ar (20%, volume ratio) gas until no air is detected on a gas
chromatography (GC) system, where CH4 was used as an
internal standard. Under the applied voltage, HMF was gradu-
ally oxidized at the anode chamber, where the liquid products
were analysed on a HPLC system equipped with a Shim-pack
GIST C18 column (5 mM, 4.6 � 250 mm) and a UV detector.
Methanol and ammonium acetate aqueous solution (5 mM)
with a volume ratio of 30 : 70 were used as the mobile phase
with a ow rate of 0.3 mL min�1. The detection wavelength is
270 nm. The hydrogen evolution in the cathode chamber was
determined on a GC system equipped with a 5A molecular sieve
packed column (60/80 mesh, 2 m � 3 mm) and a TCD detector.

FTAC voltammetric measurements were performed with
a home-built apparatus, using an applied sine wave perturba-
tion (amplitude 20 mV and frequency 10 Hz) superimposed
onto the dc ramp.

HMF conversion, DFF/HMFCA/FFCA/FDCA selectivity,
carbon balance and Faraday efficiency (FE) were calculated
according to eqn (1)–(4).

Con:HMF ð%Þ ¼
�
1� moles of HMF in the products

initial moles of HMF

�
� 100%

(1)

Sel:X ð%Þ ¼ moles of X in products

the converted moles of HMF
� 100%

ðX ¼ DFF=HMFCA=FFCA=FDCAÞ
(2)

Carbon balance ð%Þ ¼
Pðmoles of C in productsÞ ​

moles of C in the converted HMF

� 100% (3)

FE ð%Þ ¼ mole of product formed

total charge passed=ðn� FÞ � 100% (4)

where n is the number of electrons transferred for each product
formation, and F is the Faraday constant (96 485 C mol�1).
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