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ronic structure modulation of Pt
using V2O3 and V8C7 for enhanced deuterium
evolution performance†

Yanfeng Li,‡ Yuan Sheng,‡ Liangbin Shao, Yuanan Li, Weiwei Xu, Shijie Zhang,
Fangjun Shao* and Jianguo Wang *

The slower kinetics of the deuterium evolution reaction (DER) than the hydrogen evolution reaction (HER)

renders conventional Pt-based HER catalysts inefficient in the DER. Their further improvement requires

precise tuning of intermediate adsorption energy which is already near optimum on pure Pt. Herein, we

achieved superior DER/HER performance by combining Pt and a dual support system consisting of V2O3

and V8C7 that exert different electronic effects on Pt. In 1 M NaOD (NaOH) and 0.5 M D2SO4 (H2SO4),

the optimal Pt/V2O3/V8C7 catalyst exhibited low overpotentials of 37 mV (15 mV) and 49 mV (45 mV) at

a current density of 10 mA cm−2, respectively. Its mass activity based on the amount of Pt was up to 9

times higher than that of commercial Pt/C, leading to a reduction of cell voltage by 0.5 V in PEM

electrolysis of D2O at 1000 mA cm−2. X-ray photoelectron spectroscopy and underpotential H

deposition showed that electron-withdrawing effects of V2O3 over-weakened intermediate adsorption

on Pt/V2O3 while Pt/V8C7 had insufficient metal–support interaction of such kind. A balanced effect was

only achieved with the dual support system, which accounts for the excellent performance of Pt/V2O3/

V8C7. This study provides a new perspective on the modulation of metal–support interaction in Pt-based

electrocatalysts and demonstrates potential application of the Pt/V2O3/V8C7 in industrial production of D2.
1. Introduction

In comparison to hydrogen (H2) which nds widespread
applications in energy and chemical production,1–3 deuterium
(D2) holds unique promise in isotope studies, nuclear magnetic
resonance experiments, and deuterated medicines.4–8 Tradi-
tional methods for D2 production, such as liquid hydrogen
distillation, metal hydride technology, and gas chromatog-
raphy, entail complexities.9,10 Electrolysis of heavy water (D2O)
for D2 production emerges as a simple and green alternative.11,12

While alkaline electrolysis is the dominant technique for H2

production due to its cost-effectiveness, it faces challenges such
as impurity issues and slow response rates.13–16 In contrast, the
proton exchange membrane (PEM) electrolysis technology
produces high-purity H2 directly and tolerates frequent load
changes, despite a higher capital andmaintenance cost.17–20 The
high purity standards and value of D2 and its downstream
products thus make PEM electrolysis of D2O more promising.
of Chemical Engineering, State Key

mical Synthesis Technology, Zhejiang

32, China. E-mail: shao@zjut.edu.cn;

tion (ESI) available. See DOI:

s work equally.

724–8733
There is limited research on deuterium gas production, with
the primary focus being on hydrogen–deuterium
separation.21–24 For example, Xu et al. developed a Pt/NGF
catalyst with a separation factor of 6.83 for hydrogen and
deuterium.23 Zeng et al. conducted a systematic study on the
separation performance of hydrogen and deuterium using
a PEM device.24 These studies mainly revolve around the
development of efficient HER catalysts, achieving hydrogen–
deuterium separation through the enrichment of deuterium
water. Recently, Zheng et al. employed machine learning and
density functional theory (DFT) methods to screen potential
HER/DER catalysts.25 Wang et al. also investigated the HER/DER
kinetics on the Pt (111) surface using DFT.26 Thus, experimental
development of efficient catalysts for the DER remains urgently
needed.

The lower zero-point energy of D-containing species
compared with their H-containing counterparts leads to an
elevated activation barrier and slower rates in the DER than in
the HER.27–30 For example, Pt is well known for its fast HER
kinetics which is limited by the desorption of the H
intermediate.31–33 The effect is exacerbated in the DER due to the
stronger adsorption of D, making state-of-the-art Pt/C HER
catalysts struggle to achieve optimal performance in the DER.
Further optimization of the kinetics requires careful tuning of
the intermediate adsorption energy, as it is already close to ideal
on neat Pt. Alloying Pt with another metal has been a widely
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Synthesis and morphology of Pt/V2O3/V8C7. (a) Schematic
diagram of the synthesis procedure, (b) SEM image of V2O3/V8C7, (c)
SEM image and (d–f) TEM images of Pt/V2O3/V8C7, (g) corresponding
size statistics of Pt particles, and (h–l) elemental mapping of C, O, V
and Pt in Pt/V2O3/V8C7.
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adopted strategy which also offers the benet of reduced noble
metal loading.34–36 However, the harsh operating conditions in
PEM electrolysis accelerate the degradation of Pt alloy catalysts
by surface reconstruction and leaching of the non-noble
component.37–40 Introducing strong metal–support interaction
has been proven effective, but such a method is less exible as
the change in intermediate adsorption energy is material-
specic which cannot be tuned easily.41–44 The overall perfor-
mance of the catalyst is further complicated by the corrosion-
resistance and electrical conductivity of the support
material.45–47

Recently, transition metal carbides have been found to be
a class of durable catalyst support materials with good electrical
conductivity.47–50 For example, vanadium carbide MXenes
showed favorable metal–support interaction with Pt to decrease
the adsorption strength of H and enhance its HER activity.51

Unfortunately, their practicality is limited by the cumbersome
and hazardous synthesis. Vanadium carbide (V8C7) is easier to
synthesize while also possessing high corrosion resistance and
excellent conductivity, making it an ideal carbide support.52–54

However, Pt/V8C7 exhibits suboptimal hydrogen adsorption,
requiring further tuning. We have shown previously the
potential of V2O3 to adjust the electronic structure and
hydrogen adsorption energy of the supported metal catalyst,
which is envisaged to also apply to Pt-based catalysts.12 It is
hypothesized that a V2O3/V8C7 dual support system can
combine the advantages of both components and offer more
precise tuning of metal–support interaction due to the addi-
tional degree of freedom introduced.

This study presents the development of a Pt/V2O3/V8C7

catalyst by exploiting the synergy between the V2O3 and V8C7

support materials, demonstrating superior DER/HER perfor-
mance in both acidic and alkaline solutions compared to
similarly prepared Pt/V2O3 and Pt/V8C7 as well as commercial
Pt/C. We further show the practical potential of the catalyst in
a PEM electrolyzer for D2 and H2 production from D2O andH2O,
where Pt/V2O3/V8C7 displayed up to 20% reduction in cell
voltage compared with commercial Pt/C at current densities of
1000–2000 mA cm−2 and excellent stability. The origin of its
remarkable performance is explored by extensive materials
characterization and electrochemical analysis including H and
Cu underpotential deposition experiments in particular.

2. Results and discussion
2.1 Catalyst morphology and structure

The method of catalyst synthesis is summarized in Fig. 1a. The
samples are named according to their main composition which
is determined by the amount of glucose and NH4VO3 used. The
support materials are denoted by V2O3, V2O3/V8C7, and V8C7 as
the amount of glucose increases, while GC denotes the support
material obtained without NH4VO3, i.e., glucose-derived carbon.
The corresponding Pt-loaded catalysts are referred to as Pt/
V2O3, Pt/V2O3/V8C7, Pt/V8C7, and Pt/GC, respectively. The scan-
ning electron microscopy (SEM) image in Fig. 1b shows the
V2O3/V8C7 support material to consist of nanoparticles ∼50 nm
in size. Reducing the amount of glucose used in the
This journal is © The Royal Society of Chemistry 2024
hydrothermal synthesis caused an apparent increase in particle
size of the support material, while increasing the amount of
glucose had minimal effect (Fig. S1†).

Aer Pt was loaded, the overall morphology did not change
noticeably as seen in Fig. 1c and S2.† The transmission electron
microscopy (TEM) images of Pt/V2O3/V8C7 in Fig. 1d–f conrm
the SEM ndings, revealing the support material to be aggre-
gations of crystalline nanoparticles. Pt can be found in the form
of nanoclusters evenly distributed on the surface of V2O3/V8C7.
The Pt nanoclusters exhibit a unimodal size distribution
centered around 2 nm (Fig. 1g). The lattice fringes observed in
Fig. 1e have a spacing of 2.26 Å, corresponding to the (111)
plane of face-centered cubic Pt.55–57 Fig. 1f shows lattice fringes
extending throughout the individual particles of the support
material, indicating them to be single crystals. The lattice
spacing of 2.08 Å observed in Fig. 1f is assigned to the (400)
planes of cubic V8C7, while the lattice spacing of 2.71 Å belongs
to the (104) planes of hexagonal V2O3.55,58–61 Elemental mapping
results in Fig. 1h–j show slight segregation of C and O in the
catalyst which is consistent with the TEM observation of V8C7

and V2O3 single crystals. On the other hand, V and Pt exhibit
uniform distribution as indicated by Fig. 1k and l. In the
absence of V8C7 and V2O3, however, the glucose-derived carbon
formed 500 nm spheres on which Pt was poorly dispersed and
grew to 10–20 nm particles (Fig. S3).

Through N2 adsorption–desorption analysis, the physical
surface area and pore structure of the different support mate-
rials were investigated. All the adsorption–desorption isotherms
J. Mater. Chem. A, 2024, 12, 8724–8733 | 8725
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Table 1 Textural properties of catalyst supports

Sample name SBET (m2 g−1) Vmicro (cm
3 g−1) Vmeso (cm

3 g−1)

V2O3 105 0.03 0.10
V2O3/V8C7 242 0.07 0.35
V8C7 644 0.23 0.30
GC 473 0.16 0.23

Fig. 2 Crystal structure and surface chemistry of the catalysts. (a) XRD
patterns, (b) XPS survey spectra and high-resolution XPS spectra over
(c) C 1s, (d) Pt 4f, (e) O 1s, and (f) V 2p regions of the Pt-loaded catalysts.
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presented in Fig. S4† show mixed Type I and Type IV charac-
teristics according to the IUPAC classication, indicating the
coexistence of micropores and mesopores. As seen in Table 1,
the specic surface area calculated of the carbide or oxide
support by the Brunauer–Emmett–Teller method (SBET)
increases with the amount of glucose used during synthesis,
and the micropore volume (Vmicro) showed a similar trend. In
view of the single crystal nature of the V2O3 and V8C7 particles
and their 50 nm size, the micropores are unlikely to be associ-
ated with these phases but should be attributed to carbona-
ceous structures derived from excess glucose dehydration
products. These structures are probably responsible for the
increase in mesopore volume as well. On the other hand, the
surface area and pore volume of GC are lower than those of
V8C7, which can be attributed primarily to structural variances
in the carbon materials. It is speculated that during the
carbonization process, V species migrate from their original
position to coagulate into crystallites and leave behind voids.
Additional pores can be generated by the release of gas from the
oxidation of carbon by the V oxides.

The crystal structures of Pt/V2O3, Pt/V8C7, and Pt/V2O3/V8C7

catalysts were characterized using X-ray diffraction (XRD). In
the XRD patterns presented in Fig. 2a, Pt/V2O3 displays well-
resolved diffraction peaks consistent with hexagonal V2O3

(PDF#34-0187), while those of Pt/V8C7 correspond to cubic V8C7

(PDF#35-0786).55,62–65 The diffraction pattern of Pt/V2O3/V8C7

shows characteristic peaks of both phases, indicating its
support material to be a mixture of hexagonal V2O3 and cubic
V8C7. It is noteworthy that the signal intensity of the V8C7 phase
is stronger than that of the V2O3 phase in Pt/V2O3/V8C7, sug-
gesting that the former dominates in the composition of the
catalyst. Although all three catalysts exhibit sharp and distinct
diffraction peaks, no signal from Pt was clearly detected due to
the small size of Pt nanoclusters and the low loading of Pt that
result in relatively weak X-ray scattering. In contrast, as shown
in Fig. S5,† Pt diffraction peaks are observable in the XRD
pattern of Pt/GC. The particle size of Pt NPs on Pt/GC was
calculated to be around 10–20 nm by the Scherrer equation.46,66

It conrms the relatively poor Pt dispersion in Pt/GC found in
Fig. S3.†

Fig. 2b shows the X-ray photoelectron spectroscopy (XPS)
survey spectra of the catalysts. Major core level peaks of C, O, V,
and Pt can be clearly observed. The relative intensity of the O 1s
and V 2p peaks compared with that of C 1s exhibits a clear
decreasing trend from Pt/V2O3 to Pt/V2O3/V8C7 and then Pt/
V8C7. This corroborates the ndings made through N2 adsorp-
tion–desorption experiments and points to increasing coverage
of the carbonaceous material as the amount of glucose used
8726 | J. Mater. Chem. A, 2024, 12, 8724–8733
during synthesis increases. Indeed, the deconvolution of the
high-resolution C 1s spectra in Fig. 2c indicates C–C species at
the binding energy of 284.8 eV to be dominant in all the
samples.54,55,67 The peaks at higher binding energies of 285.6,
286.7, and 288.8 eV belong to C–O, C]O, and O–C]O species,
respectively, which originate from incomplete graphitization of
glucose pyrolysis products and are commonly observed with
porous carbon materials.56 For the Pt/V8C7 and Pt/V2O3/V8C7

catalysts, another peak at 282.9 eV exists, reecting the presence
This journal is © The Royal Society of Chemistry 2024
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of metal carbide species consistent with the identication of
V8C7 by XRD.55,67

More important information about the electronic structure
of the catalysts is revealed by the high-resolution Pt 4f, O 1s,
and V 2p spectra in Fig. 2d–f. Aer deconvolution, the Pt 4f
spectra in Fig. 2d indicate the presence of three different Pt
species. In Pt/V2O3/V8C7 for example, the signals of metallic Pt0

are found at 71.5 eV and 74.8 eV, oxidized Pt2+ at 72.4 eV and
75.6 eV, and Pt4+ at 73.5 eV and 76.6 eV.11,68 In comparison, the
binding energy of the Pt0 species in Pt/V2O3 and Pt/V8C7 shis to
higher and lower values, respectively, suggesting that the elec-
tron density on Pt0 follows the order of Pt/V8C7 > Pt/V2O3/V8C7 >
Pt/V2O3. The V 2p spectra exhibit the coexistence of four
oxidation states, namely V5+, V4+, V3+, and V carbide (V–C)
species.12,55,69 Taking Pt/V2O3/V8C7 as an example, the four V
species appear as peaks at the binding energy of 517.3, 516.2,
515.0, and 513.7 eV, respectively. The V–C species corresponds
to the V8C7 phase while the V5+, V4+, and V3+ can be assigned
to V oxides. The presence of V5+ and V4+ can therefore be
attributed to the oxidation of V2O3 and/or V8C7. The detection of
V–C species in Pt/V2O3 suggests that some V carbide exists in
the form of amorphous or ultrane crystalline phases that do
not manifest themselves in the XRD results. The amount of
such phases is minute in Pt/V2O3, so the corresponding V–C
signal in the C 1s spectrum is overwhelmed by the C–C signal
and cannot be reliably resolved. Most importantly, the binding
energy of all V 2p peaks (V5+, V4+, V3+, and V–C) shows the
opposite trend to that of the Pt 4f peaks, being the highest in Pt/
V8C7 and lowest in Pt/V2O3.

A similar trend is also observed in the O 1s spectra (Fig. 2f),
where three types of O in the form of organic O–C, organic O]
C, and metal oxide species can be identied at the binding
Fig. 3 DER performance in 1 M NaOD. (a) LSV curves (5 mV s−1, 85% iR
plots, and (d) mass activity based on the amount of Pt. (e) Long-term du

This journal is © The Royal Society of Chemistry 2024
energy of 533.3–533.7, 531.2–532.1, and 530–530.3 eV,
respectively.70–72 The peak associated with metal oxide species
shis toward lower binding energy as the support material
changes from V8C7 to V2O3/V8C7 and nally to V2O3. Since there
are no metal oxide species present in Pt/GC, only those peaks
corresponding to organic oxides are observed. The XPS results
conrm that V2O3 is a better electron acceptor than V8C7,
leading to more electron transfer from Pt to the support mate-
rial. Apparently, the extent of such electron transfer depends on
the relative amount of V2O3 and V8C7 as Pt/V2O3/V8C7 exhibits
an average effect of the two support phases. It should be noted
that compared with GC, V8C7 still exhibits an electron-
withdrawing effect on Pt, which is evidenced by the Pt 4f
binding energy of the catalysts (Fig. 2d). As additional evidence
for the electron transfer, the XPS spectra of the V2O3, V8C7, and
V2O3/V8C7 support materials are presented in Fig. S6.† V
oxide, V carbide, and organic C/O species similar to those in the
Pt-loaded catalysts are detected. However, in the absence of Pt,
the O 1s peak of the metal oxide species and the V 2p peak of the
carbide species show no difference in binding energy between
the three support materials. The positions of V5+ and V4+ peaks
exhibit a trend that is even opposite to the one observed with
the Pt-loaded catalysts, highlighting the presence of strong
metal–support interaction.
2.2 DER/HER performance

In 1 M NaOD solution, the DER performance of each catalyst
was thoroughly analyzed, as summarized in Fig. 3. The polari-
zation curves in Fig. 3a show that the apparent activity follows
the order of Pt/V2O3/V8C7 > 20% Pt/C > Pt/V8C7 > Pt/GC > Pt/
V2O3. Pt/V2O3/V8C7 exhibits outstanding performance, reaching
compensation), (b) overpotential at different current densities, (c) Tafel
rability test and (f) accelerated durability test on Pt/V2O3/V8C7.

J. Mater. Chem. A, 2024, 12, 8724–8733 | 8727
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a current density of 10 mA cm−2 with an overpotential of 37 mV,
outperforming the commercial 20% Pt/C (47 mV at 10 mA
cm−2). The advantage over the commercial benchmark extends
to higher current densities, as seen in Fig. 3b. In 1 M KOH and
1 M NaOH, the HER performance of the catalysts shows the
same trend, with Pt/V2O3/V8C7 demonstrating superior activity
compared to other catalysts (Fig. S7 and S8†). Remarkably, its
overpotential at a current density of 10 mA cm−2 is only 16 mV
in 1 M KOH and 15 mV in 1 M NaOH (see Table S1† for the
overpotential of the other catalysts).

As a descriptor of electrochemical kinetics, the Tafel slopes
of the catalysts during the DER are compared in Fig. 3c. The
values follow the same trend as that of the overpotential, i.e., the
catalyst with a lower DER overpotential (at 10 mA cm−2) also
exhibits a lower Tafel slope. The data acquired in alkaline HER
lead to similar observations (Fig. S7c and S8c†), except that the
Tafel slopes are generally lower in the HER. The drastic differ-
ence in the Tafel slope between the catalysts is an indicator of
possibly different reaction kinetics, which will be discussed in
more detail in Section 2.4.

High cost has been a major limitation of Pt-based catalysts,
and reducing the Pt content while maintaining catalytic activity
is a crucial step in the catalyst development. To gauge the cost-
effectiveness of Pt/V2O3/V8C7, its efficiency of precious metal
utilization is compared against the commercial Pt/C by
normalizing their activity on the basis of Pt mass in the cata-
lysts. As presented in Fig. 3d, S7d and S8d,† the mass activity of
Pt/V2O3/V8C7 in alkaline DER/HER is higher than that of
commercial Pt/C by up to 4.4 times at the same overpotential,
which translates into a possible cost saving on precious metal
by 77%.18 The practical potential of Pt/V2O3/V8C7 is further
Fig. 4 DER performance in 0.5 M D2SO4. (a) LSV curves (5 mV s−1, 85% iR
plots, and (d) mass activity based on the amount of Pt. (e) Long-term du

8728 | J. Mater. Chem. A, 2024, 12, 8724–8733
demonstrated by its stability. During 100 h of potentiostatic
electrolysis, the change in current density as seen in Fig. 3e is
minimal. The XRD pattern of the spent Pt/V2O3/V8C7 (Fig. S9†)
still shows clear diffraction peaks matching with the standard
cards of V2O3 and V8C7, further conrming the structural
stability of the catalyst. To simulate the voltage uctuation of
actual electrolyzers, the catalyst was evaluated by the acceler-
ated durability test (ADT). The polarization curves in Fig. 3f
differ insignicantly before and aer the 1000 cycles of poten-
tial swing, signifying the excellent durability of Pt/V2O3/V8C7

under dynamic operating conditions. Consistent results were
obtained in HER experiments (Fig. S7e, f and S8e, f†).

In PEM electrolysis of D2O andH2O, the catalysts are exposed
to low pH which is necessary for high conductivity of the
membrane. The harsh electrochemical environment causes
severe corrosion problems and rules out the use of most non-
noble metal catalysts, making PEM electrolysis the most likely
application of the Pt/V2O3/V8C7 catalyst. Therefore, its DER and
HER performance under acidic conditions was also evaluated.
The results presented in Fig. 4, S10, and Table S2† indicate the
DER/HER overpotential and Tafel slope to still follow the order
of Pt/V2O3/V8C7 < 20% Pt/C < Pt/V8C7 < Pt/GC < Pt/V2O3, and Pt/
V2O3/V8C7 retains its stability in the strongly acidic 0.5 M D2SO4

and 0.5 M H2SO4. The HER activity of Pt/V2O3/V8C7 compares
closely to that of the best Pt-based catalysts reported recently
(Tables S3 and S4†). We highlight its mass activity in 0.5 M
D2SO4 which is up to 2 times higher than that in 1 M NaOD and
5–9 times higher than that of commercial Pt/C in 0.5 M D2SO4

(Fig. 3d and 4d), suggesting Pt/V2O3/V8C7 to be most suitable for
application in PEM electrolysis of D2O.
compensation), (b) overpotential at different current densities, (c) Tafel
rability test and (f) accelerated durability test on Pt/V2O3/V8C7.

This journal is © The Royal Society of Chemistry 2024
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2.3 Application in PEM electrolysis

The realistic performance of Pt/V2O3/V8C7 and commercial Pt/C
in PEM electrolysis of D2O and H2O was evaluated in an in-
house cell with an active electrode area of 1.4 × 1.4 cm2 on
both the anode and cathode. The structure of the device is
illustrated in Fig. 5a (The photograph of the PEM set-up is
shown in Fig. S11†). Pt/V2O3/V8C7 or commercial Pt/C serves as
the cathode catalyst and commercial IrO2 nanoparticles the
anode catalyst. As evident from Fig. 5b, in the wide range of
current densities tested, the cell voltage for D2O electrolysis is
remarkably lower when Pt/V2O3/V8C7 is used. At 1000 mA cm−2

for example, the difference amounts to 0.5 V which equals 20%
reduction in the energy requirement of the cell. The H2O elec-
trolysis performance of Pt/V2O3/V8C7 is also superior to that of
commercial Pt/C, with a difference of 0.43 V in cell voltage at
1000 mA cm−2 (Fig. S12a†). During 25 h of continuous opera-
tion at 1000 mA cm−2, the performance of the PEM cell adopt-
ing the Pt/V2O3/V8C7 catalyst displays negligible decay in either
D2O or H2O electrolysis (Fig. 5c and S12b†). Moreover, the
faradaic efficiency of D2 production during the sustained elec-
trolysis is close to 100% (Fig. 5d), conrming minimal contri-
bution of side reactions. These ndings underscore the
promising application of Pt/V2O3/V8C7 in practical PEM set-ups.

2.4 Mechanism of activity enhancement

The DER/HER performance above has evidenced the synergistic
effects of V2O3 and V8C7 on tuning the activity of supported Pt
nanoclusters. Such effects can be linked to the electron transfer
detected by XPS apparently, but more in-depth analysis of the
mechanism behind is necessary to the understanding and
Fig. 5 PEM electrolysis of D2O. (a) Schematic illustration of the PEM devi
faradaic efficiency of D2 production with Pt/V2O3/V8C7.

This journal is © The Royal Society of Chemistry 2024
generalization of the strategy for catalyst development. Given
the scarcity of DER research in open literature, we focus on the
HER behavior which has a more established basis of mecha-
nistic studies. The apparent activity presented so far is
normalized either by the projected geometric area of the elec-
trode or by the mass of Pt, making itself a manifestation of the
combined effects of intrinsic activity and amount of accessible
catalytic surface. Accurate mechanistic analysis requires isola-
tion of each factor, which is realized by determining the elec-
trochemically active surface area (ECSA).

Underpotential deposition (UPD) and stripping of Cu is
a surface-sensitive characterization technique that is widely
used to measure the ECSA. The cyclic voltammogram in Fig. 6a
shows clear features of UPD and stripping of Cu in Pt/V2O3/
V8C7. Similar features are observed for other catalysts in Fig.
S13.† The amount of charge transfer associated with the strip-
ping process was used to calculate the ECSA by assuming
a conversion factor of 420 mC cm−2 of active surface.73 The
results plotted in Fig. 6b show that the high apparent activity of
Pt/V2O3/V8C7 and especially commercial Pt/C can be attributed
in part to their large ECSA. On the other hand, the low ECSA of
Pt/GC accounts for its poor performance compared with
commercial Pt/C to some extent. This conrms the low Pt
dispersion found by TEM (Fig. S3†). We proceed to normalize
the HER current in 0.5 M H2SO4 by the ECSA, and the resulting
polarization curves, reecting the intrinsic activity of each
catalyst, are presented in Fig. 6c. In terms of intrinsic activity,
Pt/V2O3/V8C7 still outperforms other catalysts obviously while
Pt/V2O3 is the worst. The difference has to be explained by the
different kinetics specic to each catalyst.
ce. (b) Cell voltage at different current densities. (c) Stability test and (d)
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Fig. 6 Electrochemical mechanistic study on the catalysts. (a) Underpotential deposition-stripping of Cu on Pt/V2O3/V8C7. (b) ECSA derived
from Cu stripping charge, (c) ECSA-normalized LSV curves in 0.5 M H2SO4, and (d–h) underpotential deposition of H in 0.1 M HClO4 for the Pt-
loaded catalysts.
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Generally, the HER in an acidic environment can be
described by the following elementary reactions where *

denotes an active site and H* an adsorbed H atom (eqn
(1)–(3)).74,75

H+ + * + e− / H* (Volmer reaction); (1)

H* + H+ + e− / H2 + * (Heyrovsky reaction); (2)

2H* / H2 + 2* (Tafel reaction) (3)

It is easily seen that the properties of the only adsorbed
intermediate species, H*, govern the reaction mechanism. A
high kinetic barrier to its formation leads to a HER rate
controlled by Step 1, while the rate determining step (RDS)
becomes Step 2 or 3 if desorption of H is more difficult. In the
ideal case where the kinetic barrier to both adsorption and
desorption of H is low such that its thermal energy is sufficient
to drive its desorption, Step 3 is the RDS. By assuming the
activation energy to scale linearly with the reaction energy of H
adsorption, the latter also known as the hydrogen binding
energy (HBE) becomes a convenient descriptor of HER kinetics
that has proven successful in explaining the activity of pure
metals.76,77 Thus, Step 1 is expected to be the RDS for positive
HBE, Step 2 the RDS for signicantly negative HBE, and ideally
the kinetics is limited by Step 3 for HBE z 0.

The HBE can be experimentally measured by the potential at
which UPD of H occurs (EUPD, H) through the approximation
HBEz−eEUPD, H.78 The polarization curves in Fig. 6d–h display
clear features of H UPD for all the catalysts except Pt/V2O3

(HClO4 was chosen as the electrolyte to minimize the interfer-
ence of adsorbed anions). The positions of the UPD features
indicate Pt/GC to have the most negative HBE, followed closely
by Pt/V8C7. The HBE of commercial Pt/C and Pt/V2O3/V8C7 is
mildly negative with the latter closest to 0. The trend matches
8730 | J. Mater. Chem. A, 2024, 12, 8724–8733
that of the XPS binding energy shi of the Pt, V, and O species in
the catalysts, suggesting that electron transfer from Pt to the
support weakens H adsorption. The absence of H UPD for Pt/
V2O3 is therefore interpreted as a positive HBE due to excessive
electron transfer to the support. According to the measured
HBE, an adsorption-limited HER kinetics is expected for Pt/
V2O3 while the other catalysts should exhibit desorption-limited
kinetics. The high intrinsic activity of Pt/V2O3/V8C7 is thus
explained by its smallest negative HBE that renders H adsorp-
tion thermodynamically favored while minimizing the energy
barrier to H desorption. Pt/V2O3, on the other hand, has poor
intrinsic activity caused by the difficulty in forming H*. From
the perspective of catalyst design, the results above mean that
the metal–support interaction is too strong for Pt/V2O3 to opti-
mize H adsorption, while it is too weak for Pt/V8C7 as reected
by the similar HBE of Pt/V8C7 and Pt/GC. Improvement over the
benchmark Pt/C is only possible with the V2O3/V8C7 composite
support, which appears to be able to balance the electronic
effect of the individual components.

Besides HBE, Tafel analysis is another powerful tool to probe
the reaction kinetics. In the HER, the Tafel slopes of 120, 40,
and 30 mV dec−1 have been commonly cited for the RDSs being
Steps 1, 2, and 3, respectively.79,80 As can be seen in Fig. S10c,†
the Tafel slope of Pt/V2O3/V8C7, commercial Pt/C, Pt/V8C7, Pt
GC, and Pt/V2O3 is 30, 32, 43, 56, and 127 mV dec−1, respec-
tively. The values indicate the HER kinetics on Pt/V2O3/V8C7 and
commercial Pt/C to be limited by Step 3, Pt/V8C7 and Pt/GC by
Step 2, and Pt/V2O3 by Step 1, which is consistent with the
prediction by their HBE. Similar Tafel slopes measured in
D2SO4 (Fig. 4c) suggest that the discussion above also applies to
the DER. This further corroborates the mechanism of perfor-
mance enhancement induced by the electronic metal–support
interaction.
This journal is © The Royal Society of Chemistry 2024
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3. Conclusions

In this study, a nely dispersed Pt/V2O3/V8C7 catalyst was
successfully synthesized by controlled carbonization of the
support material followed by wet impregnation. The metal–
support interaction between Pt, V2O3 and V8C7 was systemati-
cally investigated in the context of the DER and HER. The Pt/
V2O3/V8C7 catalyst exhibited superior catalytic activity and
excellent stability in the DER/HER, outperforming commercial
Pt/C and realizing up to 20% reduction in cell voltage during
D2O/H2O electrolysis in a practical PEM device at industrially
relevant current densities. TEM, XRD, and Cu UPD/stripping
results revealed high metal dispersion and ECSA of Pt/V2O3/
V8C7. XPS, H UPD, and Tafel slope measurements indicated
electron transfer from Pt to V2O3 and/or V8C7 which shied the
HBE toward positive values and changed DER/HER pathways.
Both factors described are crucial to the high DER/HER activity
of Pt/V2O3/V8C7. However, the electronic effect of V2O3 alone is
too strong on Pt while that of V8C7 is too weak to facilitate the
optimization of HBE. Near-zero HBE that is ideal for fast DER/
HER kinetics was only achieved by the V2O3/V8C7 dual support
system with balanced effects. It is reasonable to expect that the
strategy of performance enhancement by multi-component
catalyst supports applies to other metals as well. This study
not only provides insights into electronic metal–support inter-
actions in structurally complex catalysts but also highlights the
broad industrial prospects of utilizing such effects in the
development of practical electrocatalysts.
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