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Abstract
A key approach towards better realization of intermittent renewable energy resources, namely, solar and wind, is green 
electrochemical hydrogen production from water electrolysis. In recent years, there have been increasing efforts aimed at 
developing noble metal-free electrocatalysts that are earth-abundant and electroactive towards hydrogen evolution reaction 
(HER) in alkaline electrolytes, wherein an initial water dissociation step is followed by a two-electron transfer cathodic 
reaction. Although relatively earth-abundant, vanadium-based electrocatalysts have been sparsely reported due to subpar 
electroactivity and kinetics towards water electrolysis in general and alkaline electrolysis in specific. Herein, we investigate 
the fine-tuning of orthorhombic  V2O5-based electrocatalysts as candidates for HER through a scalable two-step sol–gel 
calcination procedure. Briefly, surface-induced anionic oxygen deficiencies and cationic dopants are synergistically studied 
experimentally and theoretically. To that end, first-principle facet-dependent density function theory (DFT) calculations were 
conducted and revealed that the coupling of certain dopants on  V2O5 and co-induction of oxygen vacancies can enhance the 
catalytic HER performance by the creation of new electronic states near the Fermi level (EF), enhancing conductivity, and 
modulating surface binding of adsorbed protons, respectively. This was reflected experimentally through kinetically non-ideal 
alkaline electrochemical HER using  Zn0.4V1.6O5 whereby − 194 mV of overpotential was required to attain − 10 mA/cm2 of 
current density, as opposed to pristine  V2O5 which required 32% higher overpotential requirement at the same conditions. 
The disclosed work can be extended to other intrinsically sluggish transition metal (TM)–based oxides via the presented 
systematic tuning of surface and bulk microenvironment modulation.
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1 Introduction

Providing clean, affordable energy to the world’s expanding 
population continues to be a major challenge [1]. Although 
fossil fuels still dominate the world’s energy landscape, sus-
tainable energy technologies like wind and solar are becom-
ing increasingly more appealing alternatives due to growing 
concerns about the impact of anthropogenic carbon diox-
ide  (CO2) on the planet [2–5]. However, the introduction 
of these intrinsically intermittent renewable energy sources 
has been hampered by the difficulties associated with energy 
storage and integration into existing power systems [6, 7]. 
It has been debated that the cleanest and most likely con-
tender to replace carbon-based fuels in the foreseeable future 
is hydrogen  (H2).  H2 has a high calorific value and emits 
no  CO2 upon combustion [8–10]. From a scalability facet, 

 * Ahmed Badreldin 
 ahmed.badreldin@qatar.tamu.edu

 * Ahmed Abdel-Wahab 
 ahmed.wahab@qatar.tamu.edu; 

ahmed.abdel-wahab@qatar.tamu.edu

1 Chemical Engineering Program, Texas A&M University 
at Qatar, P.O. 23874, Doha, Qatar

2 Department of Materials Science and Engineering, Texas 
A&M University, College Station, TX 77843, USA

3 Zachry Department of Civil & Environmental Engineering, 
Texas A&M University, College Station, TX 77843, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s42247-024-00679-0&domain=pdf
http://orcid.org/0000-0003-4413-1427


 Emergent Materials

electrochemical water splitting technology combined with 
grid-scale renewable energy harvesting infrastructures may 
effectively transform intermittent renewable energy elec-
tricity into more value-added  H2, increasing the variety of 
renewable energy utilization [11]. Currently, fossil fuel pro-
cessing, including coal gasification, naphtha/oil reforming, 
and steam methane reforming, produces about 96% of the 
annual global  H2 supply, whereas around 4% comes from 
green water electrolysis, resulting in significant emissions 
of  CO2 and high energy use for the former [12]. In relation 
to water electrolysis, costly noble metals like Pt, Ru, and 
Pd make excellent HER electrocatalysts due to near-ideal 
thermoneutrality towards hydrogen binding [13]. However, 
their excessive price and limited availability drive significant 
research towards more cost-effective earth-abundant coun-
terparts without sacrificing on performance [14–17]. Opti-
mization of surface electronics towards reaction intermedi-
ates, conductivities, and the electrochemical surface area 
(ECSA) of TM-based electrocatalysts are essential perfor-
mance indicators for practical application of emerging elec-
trocatalysts [13, 18–22]. A variety of earth-abundant materi-
als, including carbon-based structures [23, 24], sulfides [25], 
nitrides [26], carbides [16, 17, 27], and oxides [28–30] have 
been reported with promising activities.

Whereas conventional HER is typically conducted under 
acidic conditions, operation in alkaline media promotes the 
more kinetically sluggish anodic four-electron transfer oxy-
gen evolution reaction (OER). Notwithstanding, operation 
in alkaline environments results in an initial water dissocia-
tion step at the cathode which adds to the cathodic HER 
overpotential requirements. Diverse tactics were investigated 
towards enhancing HER activity in non-acidic pH regimes, 
including inducing surface heterojunctions, elemental 
doping, and defect engineering, of which oxophilic metal 
hydroxides on the surface of the cathode has been proposed, 
which demonstrated optimized HER activity in both alkaline 
and neutral media, in which the Volmer process is a rate-
limiting step, and it holds promise as an attractive method 
to promote the dissociation of water molecules [31]. Given 
its affordability and design flexibility, molybdenum sulfide 
 (MoS2) is among the most popular prospects as an HER 
electrocatalyst and remains to be among the most studied 
earth-abundant cathodic materials to date [13, 32]. While 
different TM-based oxide materials would, in theory, be 
energetically advantageous for effective HER, a seemingly 
bottlenecking predicament arises with their electrochemical 
and chemical stability, which affects their performance in 
acidic media [33]. To that end, TM-based oxide cathodes 
such as tungsten trioxide  (WO3) and zinc oxide (ZnO) have 
been reported to attain poor performance due to unfavorable 
conductivities, low active site densities, and subpar interme-
diate energetics. Surface modulation through vacancy induc-
tion has, however, been reported to enhance both activity 

and stability during HER [19, 34]. Further, through phase-
specific heterojunctions with conductive carbon supports, 
Mineo et al. recently showcased that monoclinic  WO3 can 
attain better HER activity relative to the more abundant hex-
agonal counterpart [35].

Vanadium compounds are promising candidates for HER 
and other electrochemical applications owing to their stable 
and various oxidation states  (V2+ to  V5+) and high corro-
sion resistance [29, 36, 37]. Bulk charge transport herein 
occurs through electron jumps from  V4+ to O to  V5+, and the 
introduction of  V4+ within the lattice results in  V5+ and  V4+ 
mixed valance states that boost its intrinsic electrical con-
ductivity [33]. Typically, however, pristine  V2O5  (pV2O5) 
is not suitable for many electrochemical applications due to 
its poor stability, low electrical conductivity, and slow elec-
trochemical kinetics [38]. The majority of relevant literature 
clearly demonstrate that  V2O5 has been thoroughly examined 
in comparison to its oxygen deficient counterparts, including 
 V2O3 and  V3O7 [17, 30, 39]. Several types of vanadium-
based materials have been investigated as electrocatalysts 
for acidic HER [40–43], including  VO2 nanorods [44], vana-
dium oxides with intermediate stoichiometry  (V10O24.nH2O) 
nanofibers [33], and oxygen-deficient  V2O3 nanoparticles 
[45]. However, to the best of our knowledge, there are not 
many reports that have used  V2O5 electrocatalyst for HER 
in an alkaline medium.

Herein, we systematically investigate the dual syner-
gism between TM-based doping and oxygen vacancies on 
 V2O5-based electrocatalysts in alkaline media towards HER. 
Unlike in conventional acidic HER, herein, it was found that 
oxygen deficiencies atop  V2O5 or Zn-doped  V2O5 result 
in a lowering of the electroactivity. Compared to  pV2O5, 
 Zn0.4V1.6O5 attained 32% lower energy requirement due 
to an overpotential of − 194 mV at − 10 mA/cm2 of cur-
rent density. Material and electrochemical characterization 
demonstrated enhanced ECSA, conductivity, kinetics, and 
hydrophilicity on the optimized catalyst. Moreover, DFT 
calculations revealed the creation of new electronic states 
near the Fermi level, lowered bandgaps (i.e., more facile 
electronic mobility), and more thermodynamically favorable 
affinity towards HER upon doping and/or anionic deficien-
cies. The non-polar (110) facets of  V2O5 were found to be 
energetically favorable towards HER, which was experimen-
tally confirmed.

2  Experimental

2.1  Materials

Ammonium metavanadate  (NH4VO3), hydrochloric acid 
(HCl), oxalic acid  (C2H2O4), potassium hydroxide (KOH), 
sodium borohydride  (NaBH4), urea (CO(NH2)2), and zinc 
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acetate dihydrate (Zn(CH3COO)2·2H2O) were all purchased 
from Sigma-Aldrich. KOH was dissolved in deionized water 
(DIW) to acquire the desired molar concentration of alkaline 
electrolyte. DIW for all experiments was obtained using the 
Millipore (18.2 MΩcm) purified water system.

2.2  Synthesis of pristine and Zn‑doped  V2O5

Both  pV2O5 and  ZnxV2-xO5 electrocatalysts were synthe-
sized using an adapted sol–gel method [46]. Based on pre-
liminary screening syntheses and experiments to ascertain 
ideal dopant levels,  ZnxV2-xO5 was fabricated using a dopant 
stoichiometry of x = 0.4. Using ammonium metavanadate 
 (NH4VO3) as the precursor for  V2O5, 5.8 g of  NH4VO3 was 
dissolved in 50 mL of DIW, and the mixture was continu-
ously stirred for 20 min. Added to the initial mixture as a 
reducing agent and to maintain the pH to approximately 3 
were 1.0 M oxalic acid and 2.0 M of urea. The solution 
was continuously agitated under heating (90 °C) for 6 h, 
ensuring gelation. The resultant gel was calcined at 450 °C 
for 5 h, dried overnight at 120 °C in a programable oven, 
and crushed to powder form. The same procedure was fol-
lowed for the preparation of  Zn0.4V1.6O5 with the addition 
of the dopant metal salt, namely, Zn(CH3COO)2·2H2O, in 
the initial step with  NH4VO3. This procedure is depicted and 
summarized in Scheme 1.

To fabricate the working electrodes, a (1 × 3)  cm2 piece 
of porous nickel foam (NF) was pretreated through tip 
sonication for 1 min in 3.0 M HCl and DIW. Once dried, 
the NF piece was dipped into the quasi-amorphous phase 
of the sol–gel solution for 5 min and then dried at 120 °C 

overnight. The same calcination procedure was then under-
taken as noted.

2.3  Synthesis of reduced  V2O5 and reduced 
Zn‑doped  V2O5

Reduction of the as-prepared pristine  V2O5 to oxygen-
deficient  V2O5 (R-V2O5) and reduction of the  Zn0.4V1.6O5 
(R-Zn0.4V1.6O5) was undertaken through the same strategy. 
Briefly, an optimized 1:1 molar ratio of  NaBH4:M2O5 (where 
M corresponds to metals, i.e., V and Zn) was physically 
mixed in solid-state for homogenous dispersion of  NaBH4 
within the powdered metal oxide. This was then moved to a 
programmable tubular reactor at 450 °C for 1 h of reaction 
time under Argon flow (20 sccm) to induce anionic oxygen 
vacancies, at a ramp-up rate of 10 °C/min.

2.4  Structural characterization

A variety of characterization techniques were employed to 
characterize all fabricated samples. The crystallinity of the 
samples was assessed by employing an X-ray diffractom-
eter (Rigaku Ultima IV Multipurpose X-ray Diffractometer). 
Cross-beam optics, a fixed monochromator, and a scintilla-
tion counter are incorporated with the diffractometer. XRD 
radiation source was used at 40 kV and 40 mA, the Cu-Ka. 
There were four slits used: a scattering slit (2/3°), a diver-
gence slit (2/3°), and a receiving slit (0.3 mm). The XRD 
data are acquired in continuous scan mode with a step width 
of 0.02° and 0.5°/min scan speed in the 2θ range of 10–80°. 
The average crystallite size of the samples was approximated 
using the Scherrer equation [47], and the particle size of 

Scheme 1  Synthesis route of 
 V2O5@NF or  TMxV2-xO5@NF
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the samples was analyzed using zeta potential/particle sizer 
NICOMP™ 380 ZLS technology. Using a field emission 
scanning electron microscope (FESEM; FEI/ThermoScien-
tific ApreoS), images of the surface morphology were cap-
tured at a low acceleration voltage, typically 2 kV. Both an 
ETD and an in-lens immersion detector were incorporated 
with the FESEM. High-resolution elemental X-ray photo-
electron spectra (i.e., vanadium 2p, oxygen 1 s, and zinc 
2p) were collected with a pass energy of 20 eV and a step 
size of 0.1 eV for pristine, TM-doped, and oxygen-deficient 
 V2O5-based samples using an AXIS Ultra DLD X-ray pho-
toelectron spectroscopy (XPS). This surface analysis was 
conducted for both the as-prepared and postmortem HER 
electrocatalysts to study potential changes in the surface 
chemistry during electrochemical operation. The operating 
conditions for the XPS Al mono (Kα) radiation (1486.6 eV) 
source were 15-kV and 15-mA emission current. Through 
deconvolution or peak fitting using Origin-Pro of the high-
resolution spectra for the elements of interest, surface chem-
istries of the samples can be ascertained. Solid-state absorp-
tion spectra were collected through UV–Vis-NIR diffuse 
reflectance spectroscopy (DRS) with a PerkinElmer Lambda 
950 Spectrophotometer in the range of 300–800 nm. The 
bandgaps  (Eg) of the  V2O5-based electrocatalysts were then 
obtained using the Tauc relation noted in Eq. (1) [48, 49].

where n equals 3/2 for semiconductors with direct forbidden 
bandgaps, α is the absorption coefficient, A is a constant, h is 
Planck’s constant, and ν is the photon frequency.

2.5  Electrochemical measurements

All electrochemical measurements were carried out using a 
standard three-electrode system via a Gamry Reference 3000 
potentiostat electrochemical workstation (Gamry, PA, USA) 
at room temperature and 1.0 M KOH aqueous solution. The 
counter and reference electrodes employed were a graph-
ite rod and Ag/AgCl electrode, respectively. NF substrates 
with a  V2O5-based electrocatalyst atop acted as a working 
electrode. Regardless of the electrolyte, linear sweep voltam-
metry (LSV) polarization data were captured at a scan rate 
of 5 mV/s and a step size of 2 mV. The same step size was 
used to record cyclic voltammetry (CV) polarization data, 
but a scan rate of 10 mV/s was used. The Nernst equation 
(Eq. (2)) was used to convert all measured potentials with 
respect to reversible hydrogen electrode (RHE) as presented. 
The Tafel equation (Eq. (3)) was used to fit the linear sec-
tions of the Tafel plots to obtain Tafel slopes (b).

(1)�hv = A
(

hv − Eg

)n

(2)E(RHE) = E(Ag∕AgCl) + (0.059 × pH) + 0.197V

where η is the overpotential in mV, j is the current density in 
mA/cm2, and b is the Tafel slope in mV/dec. Current stabi-
lization was ensured prior to LSV collection by running at 
least five cycles of CV. Chronoamperometry (CA) stability 
tests were conducted by fixing the potential at a predeter-
mined value and recording any divergence in the resultant 
current density with respect to time. Using Nyquist plots 
from electrochemical impedance spectroscopy (EIS), the 
uncompensated resistances (Ru) were determined to apply 
90% iR corrections to the LSV polarization curves. From fit-
ting the same Nyquist plots, obtained in the frequency range 
of 1 MHz to 1 Hz, and at an amplitude AC voltage of 10 mV, 
the determination of the charge transfer resistance (Rct) of 
each electrocatalyst is obtained. The Rct is a direct indicator 
of the conductivity of the electrocatalytic working electrode 
in relation to other working electrodes tested under the same 
experimental setup. Evaluation of the Faradaic efficiency 
(FE) was done using the ratio between the theoretical cal-
culated and experimentally measured gas output during CA 
tests. The latter was attained through in situ measurements 
of effluent gas concentration using an on-line gas chroma-
tography (GC) setup. Equations (4–7) describe how FE was 
calculated:

Theoretical  H2 evolution:

where ṅH2
 is the molar flow rate of H2 produced, I denotes 

the total amount of current in Ampere, z denotes the moles 
of electron (i.e., 2 for HER), and F is the Faraday constant 
(96,485.3 s·A/mol).

where ṅAr is the molar flow rate of the carrier gas,  V̇ denotes 
the volumetric flow rate of the Argon carrier gas in  m3/s, P 
denotes the pressure of the gas in Pa, R denotes the ideal 
gas constant (8.314 kg·m2/gmol·K), and T denotes the tem-
perature in K.

The theoretical gas concentration is then determined as 
shown in Eq. 6, and the FE is determined using Eq. 7 as 
shown:

(3)� = blog(j) + a

(4)ṅH2
=

I

zF

(5)ṅAr =
V̇P

RT

(6)Cgas,theoretical(%) =
ṅH2

ṅAr + ṅH2

× 100

(7)FE(%) =
Cgas,measured

Cgas,theoretical

× 100
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The experimental concentration of H2 (Cgas,measured) pro-
duced by the working electrode was measured using the on-
line GC every hour for the first 4 h and then every 15 min for 
the last hour of CA stability tests at − 0.39 V (vs. RHE) in 
1.0 M KOH. ECSA was determined through the double-layer 
capacitance  (CDL) method at a non-ohmic potential range 
to generate  CDL values from the slope of ascending current 
density versus scan rates from 5 to 160 mV/s.

2.6  Computational methods

Utilizing the Vienna ab initio simulation package (VASP), 
the Perdew-Burke-Emzerhof (PBE) functional and exchange 
correlation (XC) function, spin-polarized DFT computations 
were performed under the generalized gradient approxima-
tion (GGA) [50]. The projected augmented wave (PAW) 
method [51] was used to treat electron–ion interactions. A 
plane wave basis set was used to expand the Kohn–Sham 
orbitals, and the kinetic cutoff energy was optimized at 
520 eV. Structural convergence conditions were considered 
when the Hellmann–Feynman forces and energies were 
smaller than  10−6 eV Å−1 and  10−4 eV per atom, respec-
tively. The convergence of states towards the system-depend-
ent Fermi levels was accelerated using Gaussian smearing 
with a finite temperature width of 0.1 eV. In order to perform 
density of states (DOS) calculations on the bulk systems, 
a 7 × 7 × 7 k-point mesh created by the Monkhorst–Pack 
(MP) method was used to sample the Brillouin zone (BZ) 
[51]. The number of slabs in relation to the specific surface 
energy (eV Å−2) for each facet was plotted to determine 
the ideal slab size. Consequently, it was determined that the 
conditions for specific surface energy convergence are met 
at four layers with a 3 × 3 × 3 supercell for facet dependency 
and for H* and  H2O* adsorption investigations, where (*) 
denotes an active site on the catalytic surface. Further, a 
conventional 16-Å vacuum region has been added to prevent 
unphysical interactions. The four atomic slab layers, with a 
total of 160 atoms, were fully relaxed during the construc-
tion of all slabs, and surfaces were built using pre-relaxed 
bulk cells using VESTA software. For H* or  H2O* adsorp-
tion calculations, the bottom two slab layers were artificially 
fixed in place to represent bulk behavior. The hydrogen bind-
ing energy ( ΔEH∗ ) obtained at 0 K (Eq. (8)) was obtained, 
followed by the corresponding Gibbs free energy change 
((ΔGH∗)).

where E[(H∗)],E[∗], and E(H2) denotes the energies of H 
adsorbed on the catalyst surface, the energy of the cata-
lyst surface, and the energy of diatomic hydrogen in the 

(8)ΔEH∗ = E
[

(H∗)
]

− E[∗] − 0.5E(H2)

gas phase, respectively. ΔGH∗ is then obtained from ΔEH∗ 
through accounting for vibrational and entropic changes [52] 
at 298 K, as shown in Eq. (9).

where ΔZPE is the zero-point energy difference of the 
species in adsorbed and gas phase. The third term ( TΔS ) 
represents the contribution of the adsorbed intermediate to 
entropy under experimental conditions [52]. Equation (10) 
was used to compute the adsorption energy that accompanies 
the stabilization of  H2O in molecular form. Etot

(

VxOyH2O
)

 
denotes the total energy of the slab that has an adsorbed  H2O 
molecule, whereas Etot

(

VxOy

)

 denotes the total energy of the 
pristine slab, and E

tot

(

H
2
O
)

 denotes the total energy of the 
ground state of  H2O [53].

Equations  (11–12) were used to calculate the energy 
and free energy associated with water dissociation. 
Etot

(

V2O5OHOH
)

 stands for the total energy of the cluster 
with two OH groups, one of which will be formed by hydro-
gen stabilization at the surface O and the other by bonding a 
hydroxyl to the closest vanadium (V) site, both of which are 
derived from  H2O [53].

Vacancy (Ov) formation energies for both electrocatalysts 
were determined through Eq. (13):

where Eform denotes the formation energy per oxygen 
vacancy  (Ov) site, Ep denotes the total energy of the pristine 
system, Er denotes the total energy of the reduced (oxygen 
vacant) system, and EO2

 is the energy of the diatomic oxygen 
 (O2) that was obtained from a 10 × 10 × 10 supercell with a 
1 × 1 × 1 k-point mesh. Similarly, formation energy associ-
ated with TM doping of  V2O5 was calculated using Eq. (14) 
to shed light on energetic favorability of Zn doping [54].

where Eform,d is the energy of formation of doping, EdopedV2O5
 

denotes the total energy of the doped system, EpristineV2O5
 

denotes the total energy of the pristine system, and Edopantatom 
is the total energy of the dopant atom.

(9)ΔGH∗ = ΔEH∗ + ΔZPE − TΔS = ΔEH∗ + 0.29eV

(10)
Eads

(

H2O
)

= Etot

(

VxOyH2O
)

− [Etot

(

VxOy

)

+ Etot

(

H2O
)

]

(11)
Eads
diss

(

H2O
)

= Etot

(

VxOyOHOH
)

− [Etot

(

VxOy

)

+ Etot

(

H2O
)

]

(12)ΔGH2O
∗ = ΔEH2O

∗ + ΔZPE − TΔS

(13)Eform = Ep − Er + 0.5EO2

(14)Eform,d = EdopedV2O5
− EpristineV2O5

+ Edopantatom
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3  Results and discussion

3.1  Textural and crystallinity characterization

Surface or bulk modulation of transition metal oxides 
(TMOs), such as  pV2O5, is known to alter electronic, struc-
tural, and surface properties, potentially leading to improved 
catalytic activity for HER. Specifically, we have previously 
showcased that electronic conductivity is more favorable 
when a certain degree of oxygen deficiency  (Ov) is estab-
lished in TMOs [34]. Utilizing XRD, the crystalline struc-
ture, purity, and phase composition of the synthesized pris-
tine and reduced electrocatalysts was initially investigated as 
showcased in the XRD spectra of  pV2O5, and  Zn0.4V1.5O5, 
and their reduced counterparts, in Fig. 1. The XRD spectra of 
 pV2O5 exhibited standard diffraction peaks at 2θ of 15.48°, 
20.36°, 21.82°, 26.26°, 31.18°, 32.48°, and 34.40° corre-
sponding to the (200), (001), (101), (110), (301), (011), and 
(310) facets of standard orthorhombic  V2O5, respectively, as 
per JCPDS 41–1426 [55]. Similarly, a control pristine ZnO 
(pZnO) sample was synthesized through the same sol–gel 
calcination method, wherein the standard diffraction peaks at 
2θ of 31.86°, 34.48°, 36.34°, 47.60°, 56.80°, and 62.94° cor-
respond to the wurtzite ZnO phase [34]. Although the XRD 
pattern of  Zn0.4V1.6O5 demonstrates the maintenance of the 
predominant  V2O5 phase, a notable phase distortion is iden-
tified, wherein apparent shifts are observed at standard ZnO 
facet diffraction locations. The resultant induction of lattice 
distortions, primarily herein in the form of lattice strain, 
upon Zn-doping results in peak shifts to lower 2θ. Adding 
to this, the monoclinic phase of  Zn3(VO4)2 (JCPDS card 
No: 34–0378) is also apparent at 2θ of 27.38° for both the 

pristine and reduced Zn-doped samples, suggesting effective 
doping [56]. Moreover, it could be seen that upon reducing 
both  V2O5 and  Zn0.4V1.6O5, the diffraction peak intensities 
are notably suppressed, suggesting a decrease in crystallin-
ity. This is anticipated because the development of  Ov may 
cause minor configurational alterations to the surface struc-
ture [34]. Further, the full-width-half-maximum (FWHM) of 
the R-V2O5 is smaller compared to the pristine counterpart, 
which translates to having larger crystals, as confirmed from 
crystallite size determinations in Table 1. As crystallinity 
structural evidence for both induction of oxygen vacancies 
in both reduced electrocatalytic cathodes, two apparent new 
peaks at 2θ of 18.90° and 27.88° are present, corresponding 
to  V4O9 and Na-V2O5, respectively [57, 58]. The presence 
of the Na was most likely brought upon during borohydride 
reduction, and the Na-V2O5 phase is thought to be the result 
of electrostatic interaction between  Na+ and the negatively 
charged oxygen-deficient surface of  V2O5 after reduction. 
Similarly, the lower ratio of oxygen to vanadium in the  V4O9 
phase correlates to the formation of  Ov.

Average crystallite size determination from diffraction 
patterns in Fig. 1 was undertaken using the modified Scher-
rer method to shed light on the relation between crystallite 
size, surface propagation of electrons, and how it relates 
to the electrochemical results obtained [59]. The presented 
average crystallite size and particle size in Table 1 demon-
strate that induction of  Ov through physicochemical reduc-
tion increases both parameters. Initially, this suggested that 
reduction would have advantageous electrocatalytic prop-
erties due to a large crystallite size typically correlating to 
unhindered surface propagation of electrons, not necessarily 
conductivity. This is because surface and bulk conductivities 
also depend on the intrinsic conductivity of the TMO phase, 
such as but not limited to its bandgap. Notwithstanding, Zn 
doping of the pristine  V2O5 sample resulted in a notable 
drop from approximately 42.2 to 33.7 nm in the crystallite 
size, potentially due to the aforementioned lattice distortion 
effects during Zn doping on the orthorhombic host crystal. 
Of note, however, the average crystallite size is the largest 
for the reduced  Zn0.4V1.6O5, suggesting a significant phase 
transformation.

Fig. 1  a X-ray diffraction (XRD) spectra of as-synthesized  pV2O5, 
R-V2O5, pZnO,  Zn0.4V1.5O5, and R-Zn0.4V1.6O5

Table 1  Scherrer approximated average crystallite size and measured 
particle size of as-prepared TMOs

Electrocatalysts Average crystallite size 
(nm)

Particle size (μm)

V2O5 42.2 0.397
R-V2O5 43.3 0.506
Zn0.4V1.6O5 33.7 0.288
R-Zn0.4V1.6O5 47.2 0.430
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FESEM images were taken at 50,000 × magnification to 
investigate the resultant morphologies of the as-prepared 
 V2O5-based electrocatalysts, as shown in Fig. 2. It can 
be observed that there is an aggregation of particles with 
different sizes and irregular morphologies, comprising of 
rounded corners and sharp edges. A general inference can 
be made from this observation that the presence of Zn 
dopants does not alter the resultant morphology, namely, 
due to the utilized sol–gel calcination procedure dictating 
the morphology of the predominant  V2O5 electrocatalyst. 
Comparing Fig. 2a and 2c for  pV2O5 and  Zn0.4V1.6O5, 
respectively, it can be seen that lower aggregation and 
larger dimensionality are present in the Zn-doped coun-
terpart. Further, FESEM images of the reduced electro-
catalysts in Fig. 2b and d demonstrate more unidimen-
sional rod-shaped particles of larger surface area and size 
relative to their pristine counterparts, as confirmed from 
Table 1. This translates to the reduced samples having, on 
average, larger crystallite sizes, and their larger crystals 
translate to larger surface conductivities and lower resist-
ance from crystal domain breaks. Therefore, this initially 
implied that based on crystallite conductivity effects alone, 
the HER activity of the reduced electrocatalysts should be 
greater than their pristine counterparts since HER favors 
more conductive electrocatalysts. To confirm the homo-
geneity of the doping procedure and investigate whether 
typically undesired phase separation phenomena were at 
play, energy-dispersive X-ray spectrometry (EDS) as an 
accessory to the FESEM analysis was undertaken. Fig-
ures S1-S4 demonstrate that uniform distribution of the 
V and O, and Zn for the two doped samples, was present.

3.2  Electrochemical performance towards HER 
in alkaline environments

The alkaline HER performance of the as-prepared elec-
trocatalysts atop NF was investigated in a standard three-
electrode cell under 1.0 M KOH electrolyte. Polarization 
curves in Fig. 3a showcases overpotential requirements 
for  pV2O5@NF, R-V2O5@NF,  Zn0.4V1.6O5@NF, and R- 
 Zn0.4V1.6O5@NF at − 256, − 312, − 194, and − 258  mV, 
respectively, at 10 mA/cm2 of current density. It can clearly 
be noted that modulation of  pV2O5@NF or  Zn0.4V1.6O5@
NF through introduction of anionic deficiencies is found to 
be disadvantageous to the alkaline HER activity. Contra-
rily, a 32% enhancement in electroactivity is observed for 
the  Zn0.4V1.6O5@NF relative to its undoped  pV2O5@NF 
counterpart. To investigate this, electrocatalytic conductiv-
ity is first compared from charge transfer resistance  (Rct) 
measurements obtained from EIS Nyquist plots, performed 
at an applied potential corresponding to − 10 mA/cm2 of cur-
rent density, as shown in Fig. 3b. It is observed that in fact 
 Zn0.4V1.6O5@NF with the highest electroactivity demon-
strates the lowest Rct value of 2.54Ω, suggesting highest bulk 
conductivity of the investigated samples. Further, the results 
suggest that although reduction results in an increase in crys-
tallite size, the resultant changes to bulk electronics are more 
detrimental towards the conductivity of the material. It is 
worth noting that under alkaline conditions, the feed reac-
tants for HER are in fact water molecules that first need to 
be dissociated onto the surface of the cathode prior to Tafel 
recombination or Heyrovsky reduction. Moreover, as shown 
from XRD results, upon doping  pV2O5 with cationic  Znδ+, 
lattice distortions may result in subtle rearrangement to the 

Fig. 2  FESEM images for 
prepared vanadium pentox-
ide powders: a  pV2O5, b 
R-V2O5, c  Zn0.4V1.6O5, and d 
R-Zn0.4V1.6O5
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crystal structure. This causes the size and shape of the unit 
polyhedral to alter, effectively leading to deformation of the 
unit pyramidal chains. The cathodic surface becomes more 
porous with denser grain boundaries as the  Znδ+ dopant in 
 V2O5 increases, as shown by a decrease in average crystal-
lite size from  pV2O5 (42.2 nm) to  Zn0.4V1.6O5 (33.7 nm) 
making it easier for dissociated protons to react in the latter. 
From a mechanistic view, one possible explanation for the 
suppressed electroactivity upon the introduction of  Ov can 
be envisaged from the partially positive charge of the  Ov 
site which under alkaline conditions is stabilized by elec-
trostatically attracting anionic hydroxides from solution. 

The resultant highly anionic surface of the reduced samples 
may disadvantageously bind too strongly with  Hδ+ of water 
molecules  (Hδ+–OHδ−), without abundance of cationic sites 
on the surface to bind with  OHδ− from water, since they are 
kinetically more likely to bind with electrolytic hydroxide. 
Importantly, we believe the increased difference in electron-
egativity between cationic  [ZnV]δ+ and anionic  [Oy]δ− for 
the  Zn0.4V1.6O5 surface, as opposed to the  pV2O5 surface, 
enhances the dissociation kinetics of water. We have recently 
demonstrated this through a surface-heterointerfaced elec-
tron-localized NiV and Co-(NiFe) oxynitride cathodic and 
anodic surfaces, respectively, under neutral pH electrolysis 

Fig. 3  a LSV polarization curves and b EIS Nyquist plots for 
 pV2O5@NF, R-V2O5@NF,  Zn0.4V1.6O5@NF, and R-Zn0.4V1.6O5@
NF in alkaline electrolyte. c Chronoamperometry (CA) stability plots 
and d LSV polarization curves for  pV2O5@NF and  Zn0.4V1.6O5@NF 
before-after CA and after re-insertion into electrolyte. e Tafel slopes, 

f Faradaic efficiencies at − 390 mV, g double-layer capacitance  (CDL) 
measurements, and h ECSA-normalized LSV polarization curves for 
 pV2O5@NF, R-V2O5@NF,  Zn0.4V1.6O5@NF, and R-Zn0.4V1.6O5@NF 
in alkaline electrolyte
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wherein water dissociation is also typically rate-determining 
[60, 61].

Furthermore, to test the electrochemical stability of the 
as-prepared cathodes, CA analyses were conducted over 24 h 
at an initial current density of − 50 mA/cm2. As shown in 
Fig. 3c, only 20-h stability plots are presented due to the 
rapid decrease in current density in the first 4 h as a result 
of an experimental artifact from micro- and nano-bubble 
buildup on the rough catalytic surface which create high 
interfacial resistances [62]. To demonstrate this point, we 
generated the polarization curves shown in Fig. 3d before 
and after CA, which showcase the electroactivity decay. 
However, in the same Fig. 3d, momentarily taking the elec-
trodes out of the electrolyte to detach micro-bubbles near 
active sites and re-inserting them back in the initial electro-
activity is largely restored. To look into the kinetics at play, 
Tafel slopes (Fig. 3e) were generated from the respective 
polarization curves. However, the attained Tafel slopes are 
quite large corresponding to Volmer-limited kinetics, which 
could potentially be due to a poor heterojunction between the 
 V2O5-based catalysts and the underlying NF. This would in 
turn result in undesired resistance between the active cata-
lytic surface and the porous conductive NF substrate, which 
can be related to the Rct values obtained from the Nyquist 
plots in Fig. 3b.

To investigate the Faradaic efficiency (FE) of the devel-
oped cathodes, on-line GC measurements at pre-specified 
time intervals were undertaken during 5-h CA tests at the 
same applied potential of − 390 mV (vs. RHE) for all cata-
lysts. The summarized average FE results in Fig. 3f sug-
gest at first glance that the highest efficiency corresponds 
to the undoped  pV2O5@NF, wherein 84.6% FE for HER 
was recorded. However, it is important to correspond the 
measured FE with the resultant current density under opera-
tion for each respective catalyst since it is well known that 
FE tends to decrease with respect to an increasing current 
density. To that end, when reporting the 75.1% measured 
FE for  Zn0.4V1.6O5@NF, it is important to note that this is 
at − 86.7 mA/cm2 of current density, compared to 84.6% 
FE for  pV2O5@NF but at a quarter of the aforementioned 
current density. Moreover, to determine the intrinsic elec-
troactivity of the developed electrocatalysts, the ECSA-
normalized polarization curves are investigated. First, 
electrocatalyst-dependent ECSAs were calculated using the 
relationship between the double-layer capacitance  (CDL) 
and the specific solution capacitance of alkaline electrolyte 
 (CS = 0.04 mF/cm2). CV measurements at different scan 
rates from 5 to 160 mV/s were conducted in non-Faradaic 
potential region, as shown for all prepared electrocatalysts 
presented in Figure S5. The average current densities at 
the potential-midpoint were then plotted with respect to 
scan rate in Fig. 3g, whereby the slopes correspond to the 
catalyst-specific  CDL, shown in Fig. 3g. To that end, LSV 

polarization data from Fig. 3a was normalized with respect 
to ECSA in Fig. 3h. It can be observed that although the 
 Zn0.4V1.6O5@NF electroactivity is still the highest, confirm-
ing it to be the most electroactive intrinsic surface investi-
gated, R-Zn0.4V1.6O5@NF is now the second highest in terms 
of intrinsic activity. The attained comparison suggests that 
although  pV2O5@NF has the highest ECSA, the modulated 
surfaces of both  Zn0.4V1.6O5@NF and its reduced counter-
part are more intrinsically favorable towards alkaline HER.

3.3  Surface chemical characterization

To probe the changes in the surface chemical states, high-
resolution XPS spectral measurements on the two pristine 
oxides, namely,  pV2O5@NF and  Zn0.4V1.6O5@NF, were 
undertaken both for the as-prepared materials and after the 
cathodic chronoamperometric HER of Fig. 3c. Using the 
Shirley background subtraction method and Gaussian fitting, 
deconvolution of the O 1 s spectra are showcased in Fig. 4a. 
As can be seen,  pV2O5@NF and  Zn0.4V1.6O5@NF have an 
initial notable peak at 529.2 and 529.1 eV, respectively, cor-
responding to lattice oxygen sites, and subtle shoulder peaks 
for both samples at binding energies of approximately 530.5 
and 531 eV corresponding to defective and low coordination 
oxygen (M-OH, wherein M represents both V and Zn sites) 
on the surface, respectively [63, 64]. As eluded to earlier, 
atomic-thin semiconducting hydroxide surface may enhance 
the water dissociation kinetics during alkaline HER [65]. It 
is important to recall that XPS scans the top 5–10 nm of the 
surface, and therefore, the apparent higher ratio of surface-
bound hydroxide to lattice oxygen in post-HER O 1 s spectra 
of  pV2O5@NF suggests that low conductivity is expected, 
compared to the post-HER O 1 s spectra of  Zn0.4V1.6O5@
NF which shows the opposite ratio. This is corroborated 
from the  Rct values showcased in Fig. 3b during EIS analy-
sis. The V 2p spectral analysis in Fig. 4b reveals a clear 
distinction among the as prepared and post-HER samples. 
Firstly, the V 2p spectra for the  pV2O5@NF matches excep-
tionally well with the standard binding energy positions for 
the ground state  V5+

3/2 and  V5+
1/2 corresponding to 517.1 

and 524.5 eV, respectively [66]. In agreement with the XRD 
analysis, an approximate 0.3 eV shift towards higher bind-
ing energy is noted for the same peaks in the as-prepared 
 Zn0.4V1.6O5@NF, suggesting lattice strain as a result of 
the dopant Zn species. Further, post-HER analysis in both 
catalysts showcases peaks corresponding to the  V3+

3/2 and 
 V3+

1/2 states as a result of the reducing environment on the 
cathode surface and suggestive that the active sites herein 
are vanadium atoms. Notwithstanding, it can be observed 
that smaller degree of the  V3+ is noted for the post-HER 
Zn-doped sample. This is expected to be a result of the Zn 
doping wherein the more electronegative Zn is postulated to 
synergistically withdraw electrons from neighboring V sites, 
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thereby maintaining a higher oxidation state for vanadium. 
This is corroborated from the as-prepared and post-HER Zn 
2p spectra in Fig. 3c, whereby a notable degree of the initial 
 Zn2+ is reduced to  Zn+.

Since water molecules are the initial feed or reactant dur-
ing alkaline HER, it was important to measure the hydrophi-
licity associated with the different cathodic electrocatalysts. 
The contact angles were measured five times at different 
positions on a glass slide containing drop-casted inks of the 
electrocatalysts and the average contact angles are shown in 
TableS1. It can be deduced that upon reduction, the contact 
angle decreases for both R-V2O5 and R-Zn0.4V1.6O5 com-
pared to  V2O5 and  Zn0.4V1.6O5, meaning that the reduced 
samples are favorably more hydrophilic. Anomalously, the 
best-performing alkaline HER sample, namely,  Zn0.4V1.6O5, 
attained the larger contact angle at 91.66°, relative to R-V2O5 
which exhibited the highest hydrophilicity at an angle of 
78.10°. Nonetheless, the relatively small variance of ~ 14° 
between the most and least electroactive cathode suggests 
that this metric of hydrophilicity is perhaps not as crucial 
to this catalytic system compared to other metrics such as 
conductivity and intrinsic site activity.

3.4  DFT calculations

It is of paramount importance to first determine which fac-
ets are more energetically favorable towards doping and 
induction of defects since the governing thermodynamic 
selectivity will determine where the doping will realisti-
cally take place. The bulk structure used to create the five-
faceted  V2O5 slabs on VESTA is shown in Figure S6 and 
later used to model the five predominant facets of  V2O5, 
namely, the (001), (002), (101), (011), and (110), in agree-
ment with the attained XRD patterns, as shown in Figure S7. 
The relaxed slabs were then used for the H* adsorption cal-
culation, whereby a H atom was standardly placed above a 
lattice V atom at an initial distance of ~ 1.5Å (Figure S8) 

more than the distance of a V–O bond length, whereby the 
V top-site is assumed to be the active site during HER. The 
Gibbs free energy of hydrogen ( ΔGH∗ ) was calculated after 
slab relaxation and subsequent H* adsorption determination. 
Thermodynamic reaction coordinate profiles based on ΔGH∗ 
calculations on the five faceted  V2O5 surfaces was generated 
as shown in Fig. 5a. Based on the results obtained in Fig. 5a, 
it can be seen that the two most thermodynamically favora-
ble facets of  V2O5 are the nonpolar (002) and (110) facets, 
yielding ΔGH∗ values of − 0.55 and − 0.68 eV, respectively. 
The obtained results and facet-dependent trends with respect 
to ΔGH∗ herein are consistent with the reported values in the 
literature for similar facets [67, 68]. Both the (110) and (002) 
facets are considered more favorable due to having more 
surface O group locations in relation to the V top site, which 
can interact more strongly with the H molecules and stabi-
lize them on the surface. Additionally, the (002) and (110) 
facets have a more open-top structure, which can also facili-
tate proton adsorption and desorption. Although diffraction 
patterns from XRD showcased presence of both (002) and 
(110) facets, the corresponding FESEM images did not indi-
cate dominant one-dimensional morphologies, which would 
be expected if the nonpolar (002) was predominant.

Additionally, and of interest to the experimental oxygen-
deficient samples, the specific formation energies for a 
vacancy on each accessible O-type were computed in our 
previous work on  V2O5 because of the high surface den-
sity of available oxygen sites in  pV2O5—namely, 1-, 2-, 
and 3-coordinated O types [55]. It was determined that the 
(110) and (001) facets of the 2- and 1-coordinated oxygens 
are the most thermodynamically favorable, with formation 
energies of 0.70 and 0.74 eV per vacancy, respectively. Not-
withstanding, and since this work focuses on alkaline HER, 
 H2O adsorption/dissociation calculations were conducted 
on the (110) and (001) facets to determine which facet is 
more thermodynamically favorable towards the dissociation 
of the reactant. From the summarized results in Fig. 5b, it 

Fig. 4  a High-resolution XPS spectra for O 1 s, b V 2p, and c Zn 2p for the pristine as-prepared  pV2O5@NF and  Zn0.4V1.6O5@NF and after 
24-h chronoamperometric HER (post-HER)
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was determined that for the typically water dissociation rate 
determining step (RDS), less energy was needed to adsorb 
 H2O onto the surface of the (110) facet. Therefore, since 
both (002) and (110) facets have similar formation energies 
towards anionic deficiencies in their lattice, coupled with 
(110) being the predominant facet based on XRD and SEM 
analysis, and more importantly being more energetically 
favorable towards  H2O dissociation, we opted to model the 
remaining systems based on the nonpolar (110) facet.

Charge density difference (CDD) plots were generated 
and investigated to examine the charge redistribution effects 
from adsorbed H* on the local charge density at the interfa-
cial surface. Figure 5c demonstrates the CDD plots for the 
least (101) and most (110) energetically favorable facets of 
 V2O5 that are being investigated based on the ΔGH∗ . CDD 
only typically occurs in the first top two layers of the slab, 
and the bulk layers have little to no contribution. Around the 
initial cationic proton approaching the surface, facets with 
negative adsorptive binding energies expectedly exhibited 
charge accumulation phenomena. The CDD plots for the 
remaining faceted slabs are shown in Figure S8. Hydrogen 
adsorption calculations on the doped and reduced  V2O5 
slabs were done is the same aforementioned manner, where 
the H atom was placed on the V atom circled green in Fig-
ure S9. The energy of formation of the dopant was calcu-
lated to determine how likely the doping can occur, and it 

was determined that the formation energies of Zn doping 
was − 9.04 eV. The orange circles in Figure S9b(iii) repre-
sents the vacant oxygen site, and the exact position was cho-
sen because it was determined that it is much more favorable 
for anionic vacancies to form on the top surface rather than 
the second layer for this facet, based on our previous work 
[55].

The ΔGH∗ thermodynamic profiles of the four examined 
slabs are shown in Fig. 6a, and it can be seen that anoma-
lously the R-V2O5 slab has the closest binding energy to 
thermoneutrality counter to the experimental polarization 
data. On the same seemingly anomalous trends, both  pV2O5 
and  Zn0.4V1.6O5 have the most unfavorable ΔGH∗ results, yet 
experimentally attain the highest activities. To that end, it is 
again important to realize that the experimental analysis was 
conducted in alkaline electrolyte wherein the typically lim-
iting molecular water binding and subsequent dissociation 
(Fig. 6b) are typically more rate-limiting compared to pro-
ton reduction (Fig. 6a). In corroboration with experimental 
findings, Fig. 6b therefore demonstrates that the water dis-
sociation energetics are more thermodynamically favorable 
on the  pV2O5 and  Zn0.4V1.6O5. This highly suggests that in 
fact water dissociation is largely limiting in alkaline con-
ditions as shown previously. In fact, the best experimental 
activity for  Zn0.4V1.6O5 matches the same sample attain-
ing the highest thermodynamic favorability towards water 

Fig. 5  a Gibbs free energy diagrams of hydrogen adsorption and b 
water adsorption/dissociation on select  V2O5 facets. c Charge density 
difference plots for the (101) and (110) faceted  V2O5 slabs. Charge 

accumulation is depicted by the yellow area, and the charge depletion 
is shown by the cyan area in (c)
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dissociation. Moreover, to investigate why R-V2O5 gave 
a near-thermoneutral theoretical binding energy but had 
poor alkaline experimental HER performance,  Ov forma-
tion energies (Table S2) were calculated. It can be clearly 
seen that the formation energy of the anionic vacancy on 
 pV2O5 is energetically favorable with a formation energy 
of approximately − 5.3 eV, contrary to that for  Zn0.4V1.6O5 
being ~ 13.7 eV. Since experimentally both samples under-
went the same physicochemical reduction procedure, pro-
viding the same energy during the process, the case can be 
made that the degree of reduction in both samples is dif-
ferent. That is to say that it is more likely to create more 
vacancies, both favorable surface vacancies and undesired 
bulk vacancies which may cause structural distortions, in 
the  pV2O5 upon reduction to R-V2O5 which can potentially 
make the resultant reduced sample unstable and far from the 
modelled R-V2O5 system. Bulk  Ov not only affects conduc-
tivity of the electrocatalyst but may lower stability under 
harsh electrochemical testing conditions. Large amounts of 
 Ov on the surface promote reaction intermediate adsorption, 

whereas excessive  Ov in the bulk are undesirable because 
they disrupt the interaction between cations with different 
valence states and the uniform movement of electrons [69].

The electron band structure analysis conducted on inves-
tigated systems, both pristine and reduced, establishes the 
presence of an intrinsic indirect bandgap in  pV2O5. Calcula-
tions of total and projected density of state (T/PDOS) were 
performed using a refined mesh, shown in Fig. 6c and d. The 
difference between the valence band maximum (VBM) and 
conduction band minimum (CBM), namely, the bandgap, 
are found to be in good agreement with the experimentally 
attained bandgaps from diffuse reflectance spectroscopy 
(DRS) Tauc plots in Figure S10, particularly for  pV2O5. 
The hybridization observed between the 2p and 3d orbit-
als of oxygen and vanadium, respectively, in the VB region 
underscores the clear covalent character inherent in lattice 
V‒O bonds. Within  pV2O5, the VBM predominantly origi-
nates from the O p states, with the contribution of the V d 
states becoming more prominent as we move away from the 
Fermi level. Creation of new electronic states near the Fermi 

Fig. 6  a Gibbs free energy diagrams of hydrogen adsorption, b water adsorption/dissociation, and c T/PDOS of  pV2O5, R-V2O5,  Zn0.4V1.6O5 and 
R-Zn0.4V1.6O5 surfaces
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level are clearly note upon reduction from  pV2O5 to R-V2O5, 
which are typically advantageous towards hydrogen binding 
energies—as was noted for R-V2O5 in Fig. 6a. The same 
trend is also observed for the Zn-doped system and upon 
its reduction, with a clear decrease in bandgaps (Table 2), 
indicative of higher conductivity which was also confirmed 
experimentally from  Rct determination of EIS Nyquist plots 
in Fig. 3b [70]. Further, for  Zn0.4V1.5O5 and R-Zn0.4V1.5O5, 
the O-p and Zn-d states are primarily responsible for the 
VBM, while the V-d mainly contributes more for the CBM. 
Presence of defect states from dopants or elemental defi-
ciencies in the bandgap can create additional electronic 
states that can either facilitate or impede electron transfer 
depending on their energy level and their interaction with 
the VBM and CBM. Additionally, the electronic states of 
the conduction band can be filled with a lot of electrons 
owing to  Ov, which can cause the electron states near the 
Fermi level to shift to higher energies and enhance the activ-
ity as more electrons or holes are available for reduction or 
oxidation closer to the Fermi level. This is seen when  V2O5 
is reduced and its bandgap gets narrowed from 1.33 eV to 
1.13 eV, which is a 15% reduction in DOS bandgap. Simi-
larly, for  Zn0.4V1.5O5, the DOS attained bandgap decreased 
from 1.16 eV to 0.92 eV upon reduction. However, due to 
the intrinsic inaccuracy of the PBE functional in calculating 
the bandgap of metal  oxides, it is not a reliable method to 
compare its results to experimental values, albeit the trend 
should be quite similar. Compared to the bandgap obtained 
from the T/PDOS, the same trend is observed for experimen-
tal bandgap measurements calculated from DRS Tauc plot 
(Figure S10) where the bandgap also narrows when  pV2O5 
gets doped with Zn and once it gets reduced (Table 2).

The CDD was investigated to examine the charge redistri-
bution upon doping or reduction of  thepV2O5-based electro-
catalysts, shown in Figure S11. Again, CDD typically occurs 
in the first top two layers of the slab, and the bulk layers have 
little to no contribution. The electrocatalysts with negative 
binding energies show charge accumulation phenomena in 
CDD around the initially cationic proton approaching the 
surface. Ideal charge coordination between the inbound 
charge of hydrogen and the nearby V atoms results from this 
charge-depleted local zone acting as a stabilization center. It 

can be observed that there is a surface rearrangement caused 
by the introduction of an  Ov to  pV2O5 and that the oxygen-
deficient region shows that the nearby atoms have more 
charge accumulation. This redistribution facilitates the H 
adsorption and promotes the HER activity, which was seen 
from the low ΔGH∗ value of R-V2O5 in Fig. 6a. In addition, 
the presence of dopants does results in a noticeable surface 
rearrangement, albeit charge redistribution is more evident 
in the reduced electrocatalyst structures. For  Zn0.4V1.5O5, 
there is an observable charge accumulation on the Zn dopant 
atom and hydrogen atom. This suggests that the charge trans-
fer occurs from the O to the H. Therefore, it can be inferred 
that the addition of a Zn dopant atom or the removal of 
an oxygen atom results in clear charge redistribution in the 
structure of the electrocatalyst which when coupled with 
binding energy results from Figs. 6a and 6b suggests a clear 
effect on H* and/or water dissociation. Figure S11 illustrates 
that the presence of  Ov may improve the delocalization of 
the electrons, resulting in more effective sites for H adsorp-
tion. These findings demonstrate that  Ov in electrocatalysts 
might enhance the surface adsorption properties and give 
additional active sites, allowing them better activity towards 
HER.

4  Conclusion

We investigated  V2O5-based electrocatalysts both Zn-doped 
and reduced samples with oxygen-deficient lattices through 
a modified sol–gel method coupled with physicochemical 
reduction towards alkaline HER. Unconventional  V2O5 
was chosen due to its earth abundance, non-toxicity, and 
relative cost-effectiveness to the conventional Pt-based 
cathodic benchmark. The intrinsically poor electroactivity 
of  V2O5 was an opportunity to systematically investigate the 
aforementioned effects of dopants and oxygen vacancies. 
 Zn0.4V1.6O5 achieved the lowest overpotential of 194 mV 
and 310 mV to reach current densities of − 10 mA/cm2 
and − 50 mA/cm2, respectively, in 1.0 M KOH. The coupling 
of DFT and material characterization techniques allowed 
for the rational deduction of activity trends in the alkaline 
electrolyte used herein. Online GC measurements were 
employed towards Faradaic efficiency determination during 
chronoamperometric stability tests. All in all, conductivity, 
lattice stability, hydrophilicity, surface energetics towards 
hydrogen binding, and the typically rate-limiting water dis-
sociation step, coupled with electronic states near the Fermi 
level, resulted in  Zn0.4V1.6O5 attaining the highest perfor-
mance and a 32% improvement in alkaline HER electroac-
tivity relative to the initial pristine  V2O5. Observations from 
theoretical and material-based analyses were synergistically 
coupled with ECSA-normalized current densities which also 
showcased that  Zn0.4V1.6O5 had the highest intrinsic activity.

Table 2  Experimental and theoretical bandgap of  V2O5, R-V2O5, 
 Zn0.4V1.5O5, and R-Zn0.4V1.6O5

Electrocatalysts GGA-PBE bandgap 
(eV)

Experimental 
bandgap (eV)

V2O5 1.33 2.15
R-V2O5 1.13 1.45
Zn0.4V1.6O5 1.16 2.24
R-Zn0.4V1.6O5 0.92 1.85
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