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Summary

The high electrochemical stability of Zirconia (ZrOz) at high potentials strongly suggested it as an
alternative to carbon supports which experience reduced efficiency due to some corrosion problems
particularly during prolonged electrocatalysis activity. However, the use of ZrO,was limited by its low
electrical conductivity and surface area. In this work, we developed a methodology for synthesizing
monoclinic ZrO2 NPs with increased surface area and improved electrical/electrocatalytic characteristics
without using any carbon-based co-support material or any metallic nanoparticles. In this context, for the
first time highly defective hydroxyl-functionalized ZrO, NPs (designated here as ZT NPs) were prepared
by a hydrothermal route in the presence of sodium tartrate as a mineralizer. XRD demonstrated that the
produced zirconia was semi-crystalline microspheres, consisting of monoclinic ZrO2 NPs with high lattice
defects. The addition of tartrate ions decreased the crystallite size and increased the defects and
microstrain. At the same time, the alkaline hydrogen evolution reaction (HER) catalytic activity of ZrO>
NPs was significantly increased when using sodium tartrate as mineralizer; the overpotential required to
obtain 10 mA cm (5110) dropped down from 490 to merely 235 mV, while an exchange current density
(jo) increased 12 times to 0.22 mA cm. The presence of structure defects (revealed by XRD) and the
increased number of active surface sites contending O-H groups (evidenced from
ATR-FTIR and XPS) as well as the enhanced electrochemical active surface area (confirmed from double-
layer capacitance measurements) were the main reasons behind the high catalytic performance. The ZrO>
NPs catalytic activity increased even further during the long-term stability tests under severe cathodic
conditions (ZT*, ZrO, NPs obtained after the long-term stability, has jo = 0.47 mA cm? and
n10 = 140 mV), approaching the activity of Pt/C catalyst. This process was assisted by mineralizer removal

from the catalyst (testified by XPS). Our studies revealed that ZT* are characterized by larger electroactive
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surface area and more structure defects compared to ZT, where surface area and microstrains resulting
from surface hydroxylation open cavities in zirconia structure.
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1| INTRODUCTION
One of the fundamental processes in electrocatalysis is the hydrogen evolution reaction (HER), which
plays a vital role in energy conversion devices.! The HER is traditionally depicted by the concatenation of
three elementary steps.? Hydrogen intermediates (Hags) are initially formed via the Volmer step, which
involves, depending on solution pH, protons discharge, Eq. (1), or water, Eq. (2).

H* + e < Hags (1)

H20 + € <> Hags + OH" 2)
The Volmer step is either followed by the Tafel reaction (chemical desorption, Eqg. (3)) or Heyrovsky step,

electrochemical desorption: Eq. (4) (low pH) or Eq. (5) (high pH).

2Hads> H> (3)
H* + Hags + € < Ho (4)
H20 + Hags + € <> Hz + OH" 5)

Numerous publications reported that the HER on a wide range of electrocatalysts is
pH-dependent, generally decreases with increasing pH.>-° Experimental findings revealed that the kinetics
(expressed in exchange current density, jo) of the HER in alkaline media is lower than that in acidic ones
by 2-3 orders of magnitude.®® Even on Pt, the most promising and highly efficient electrocatalyst for the
HER, owing to its high reactivity for the adsorption and recombination of reactive hydrogen
intermediates,° the HER exhibited slower Kinetics in alkaline solutions, as compared to acidic ones.!* The

reduced efficacy of the water dissociation step on the Pt surface, Eq. (6), which constitutes an additional
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energy barrier to the kinetics of the overall reaction rate, is the main reason behind the sluggish kinetics
of the alkaline HER on Pt surface.*?

HO+Pt+e — Pt-H+OH" (6)
High overpotential (referring to high energy consumption) is, therefore, needed to enhance the indolent

kinetics of the HER in an alkaline medium. This diminished HER rate in alkaline solutions has retarded
advances in high-purity hydrogen generation techniques, such as water splitting.}2** So far, high-surface-
area Raney Ni and Ni alloys,'*>” and many others'?'* are used as active electrocatalysts for alkaline HER
and in the conventional alkaline water electrolyzers. Although most of these materials are cost-effective,
they are not efficient enough to generate large amounts of hydrogen at low overpotentials so as to replace
Pt-based electrocatalysts in energy conversion devices. This made the development of highly efficient,
non-precious, and stable electrocatalysts to produce hydrogen from alkaline solutions a major
challenge.'>* For instance, R. Solmaz group fabricated 3D Cu*®, Ag'®, and Ni?° nanodomes as efficient
electrocatalysts for the HER and water splitting in alkaline solutions. In another study, the same group
synthesized Mo-modified carbon felt (CF)?* MoPd//CF/Mo??, and Au/activated NiZn coatings®®
electrodes and reported them as effective cathodes for the alkaline hydrogen generation. Recently, in our
lab, highly stable Eu203/TiO2, PdO/TiO,, and ZnO/TiO2 nanocomposites have been synthesized and
demonstrated as highly active electrocatalysts for the HER in alkaline electrolytes.?*? In very recent
studies, nanostructured Gd-In-Zn ternary oxide and anionic NiS2-Ni(OH)2 nanosheets/nickel foam were
reported as efficacious electrocatalysts for alkaline overall water splitting and HER.26:?7

Zirconia (ZrO2) has many advisable physicochemical characteristics that are technologically
important. These include outstanding mechanical properties, exceptional thermal stability, increased
corrosion resistance, and good chemical stability and thus, has been commonly used in many
applications.?® ZrOz is considered as the best known material used for thermal barrier coating when doped

with Y203(YSZ) due to its low mechanical resistance and thermal conductivity.?® Monoclinic, cubic, and
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tetragonal are the three major forms of crystalline zirconia. While the former form is stable below 1170°C,
the later one is stable within a range of temperature of 1170-2370 °C. Above 2370 °C, the cubic form is
stable.*

Current synthetic methods for industrial production of YSZ are conventional solid-state ceramic
method or spray drying. Generally, the produced powders are in the microscale range.! Several methods
were employed to yield nanosized YSZ powder. These comprise sol-gel,3 co-precipitation®® and
hydrothermal routes.®*3" One of the inclusively used methods for the production of various oxide
nanostructures is the hydrothermal method.*®4! In recent years, hydrothermal processing at an industrial
scale has been revived. The central advantage of this processing route is that, the shape, size, crystallinity,
and homogeneity of the produced powders can be controlled by regulating the reaction conditions such as
temperature, time, solvent, surfactant and precursor characteristics.3*2

Owing to its high electrochemical stability at high potentials, ZrO> has been suggested as an
alternative to carbon supports.*®> However, its use was limited by its low electrical conductivity. Hence
new strategies need to be established to overcome the poor electrical conductivity and/or surface area of
ZrO». Hybridization with or supporting on different materials, such as carbon-based materials, represents
an appealing strategy to improve the electrical conductivity and surface area, and thus enhance the
catalytic performance of ZrO,-based materials.***> For instance, PtsZrO/C electrocatalyst, based on the
work of Liu et al., not only improved the efficiency of high temperature fuel cells, but also exhibited

higher stability than the commercial Pt/C electrocatalyst.*®

In another study, Bai et al. investigated the effect of Pt:ZrO, molar ratio on the catalytic activity
of Pt — ZrO,/C electrocatalyst towards the alkaline oxidation of methanol, and found that the
Pt(1):ZrO2(4) molar ratio achieved the highest catalytic performance, which is higher than that recorded

by Pt/C.#" Likewise, Cheng et al., revealed that Pt-ZrO,/C exhibited very high stability and activity
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towards oxygen reduction reaction (ORR), nine times more than that of Pt/C.*® However, the presence of
carbon materials as a co-support limits the industrial applications of these efficient electrocatalysts due to
carbon corrosion followed by metal nanoparticles’ agglomeration and dissolution.*’* In an attempt to
overcome such issue, Aguilar-Vallejo et al. conquered this issue by synthesizing Pt electrocatalysts

directly on ZrO, supports without using any carbon support.*°

In this work, in order to evade the above mentioned drawbacks, we developed a methodology for
synthesizing monoclinic ZrO> NPs with increased surface area and improved electrical/electrocatalytic
characteristics without using any carbon-based co-support material or any metallic nanoparticles that may
agglomerate and/or detach the support surface causing depression in efficiency. In this context, we
prepared highly defective hydroxyl-functionalized ZrO> NPs by a hydrothermal route in the presence of
sodium tartrate (for the first time) as a mineralizer. Being highly defective and conductive, the obtained
ZrO2 NPs were directly used here (for the first time) as an efficient electrocatalyst, and not as a supporting
material as reported in the literature, for Hz production in alkaline electrolytes. Our work’s novelty is also
evidenced from the literature which revealed no reports concerning the usage of bare ZrO, NPs as efficient
electrocatalyst for the HER in alkaline solutions. In our very recent study®®, we synthesized ZrO, NPs
with different defect densities using various sodium carboxylate salts. ZrO> NPs with the highest defects
was obtained in presence of Na-tartrate, the carboxylate salt adopted here. In addition to defects, the ZrO,
NPs synthesized in presence of tartrate ions exhibited a high degree of hydroxylation (Zr-O-H), which
generally enhances the catalytic properties of the material.>* The electrocatalytic activity of the resulting
highly defective monoclinic hydroxyl-functionalized ZrO, NPs (named as ZT) was assessed for the HER
in alkaline media. To clarify the catalytic impact of Na-tartrate salt, the ZT electrocatalytic activity was
compared with that of ZrO, NPs prepared without Na-tartrate under the same hydrothermal conditions.

Catalyst's stability was tested using repetitive cyclic cathodic polarization (10,000 cycles) measurements,
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and the results revealed that not only does the catalyst retain its high performance after the 10,000 sweep
cycle, but it is also activated yielding an activated catalyst (designated here as ZT*). During
chronoamperometry measurements, performed at a fixed overpotential of -1.0 VV vs. RHE for 72 h, the
activation of the catalyst was also observed. Surface characterizations and HER electrocatalytic activity
of the ZT* catalyst were also studied and discussed. Also presented here is a comparison between the
activity and durability of the ZT and ZT* catalysts versus highly effective HER electrocatalysts published

in the literature in alkaline media.

2 | EXPERIMENTAL
2.1 | Materials

All materials employed were analytical reagents, and their solutions were prepared using double distilled
water. In 200 mL of doubly distilled water a mixture of zirconium oxychloride (ZrOCl,.8H20) and sodium
tartrate was dissolved in 1:0.5 molar ratio. The mixture was moved into a high-pressure autoclave Teflon-
lined 300 mL and was heated for 24 h at 240 °C. The reaction was stirred at 350 rpm. The hydrothermal
setup is displayed in Figure S1 (Supporting Information, Section S1).The ZrO, nanoparticles were
separated through centrifugation at 6000 rpm for 30 min, washed 2 times with water then centrifuged
again at 6000 rpm. The powder was dried at 105 °C for 24 h, then fully characterized employing XRD,

SEM/EDX, XPS, HRTEM, and FTIR (Supporting Information, Section S2).

2.2 | Electrochemical measurements
Electrochemical measurements were conducted in 1.0 M KOH electrolyte using a standard double-

jacketed three electrodes electrochemical cell. Various electrochemical techniques were applied to
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evaluate HER electrocatalytic activity and stability of the tested materials, as fully reported in

Section S3 (Supporting Information).

3| RESULTS AND DISCUSSION

3.1 | Characterization of the synthesized catalysts

3.1.1 | XRD studies

The XRD patterns recorded for Z (ZrO2 NPs synthesized without sodium tartrate) and ZT (ZrO2 NPs
synthesized in presence of sodium tartrate) powders are depicted in Figure 1. The results of the search
match analysis of X'pert High Score manifested the existence of a monoclinical ZrO; phase (P21/c), card
# 00-001-0750. The obvious peak broadening in the two patterns indicates the synthesized powders’
nanocrystalline nature. Compared to Z sample, the ZT sample showed weaker and broader peaks,
reflecting its semi-crystalline nature.

Using a modified Williamson-Hall (W-H) method, namely the Uniform Deformation Model
(UDM) the lattice strain (g) and crystallite size (D) were estimated from XRD data.%? In that model, the
strain is supposed to be uniform in all crystallographic directions, taking into account the crystal’s
isotropic nature. Figure S2 (Supporting Information) shows the Williamson-Hall plots of Bcos(8) against
4sin(0) for Z and ZT samples. In the case of ZT sample, the strain measured from the slope is found to
increase significantly. Table S1 (Supporting Information) lists the estimated mean crystallite size and
lattice strain of the two ZrO samples. The presence of tartrate decreased the crystallite size from 19.5 to
12.8 nm, while the average maximum microstrain increased from 3.1x107 to 17.6 x 1073, The tartrate ions
coordinated to Zr** during the synthesis may give rise to defects in the host lattice. Such defects are

expected to cause distortion of the lattice and internal strains thus, impeding crystal growth.
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3.1.2 | HRTEM examination
The HRTEM images depicted in Figure 2 describe samples’ morphology and microstructure. It is obvious
from image (a) that the Z sample’s nanostructure morphology appears like rice kernels with varying aspect
ratios. This manifests the anisotropic nature of the nanocrystals making up the monoclinical rode-like
nanostructures of ZrO,. The lattice’s continuous parallel fringes, image (b), demonstrate that the
monoclinic nanostructures of the ZrO, NPs are formed by slow-oriented nanocrystal growth and signalize
high crystallinity. Figure 2(b) depicts a resolved lattice fringes pattern, indicating a single-crystalline-like
phase and good crystallinity of the synthesized material. Any two successive fringes space at a distance
of 0.315 nm. This distance is in consistence with the Muller index of the (111) monoclinic ZrO; planes
thereby, conforming to the XRD analysis (Figure 1).

In contrast, the presence of sodium tartrate produced semi-crystalline microspheres (average
diameter of 105 nm) consisting of ZrO2 NPs, image (c). Displayed on ZT sample’s HRTEM, image (d),
are a few clear disordered lattice fringes, marked by white circles. This proposes high density of defects

in the lattice, as formerly evidenced in XRD (Figure 1).

3.1.3 | ATR-FTIR spectroscopy measurements

Figure 3 displays the ATR-FTIR spectra of the pure monoclinic ZrO, samples. The broad band observed
between 3580 and 3190 cm™ is assigned to the stretching vibrations of adsorbed water molecules and
surface O-H groups.>® The well-defined bands at 1700-1500 cm™ and 1322 cm™ are ascribed to the
vibration modes of the hydroxyl groups on the surface of the Z sample. The vibration band at 1632 cm™
is allocated to the bending mode of adsorbed water. In the case of the ZT sample (which is generated in

the presence of sodium tartrate) this band appears broader, most probably due to the presence of different
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adsorbed states of water. The stretching bands at 1442 and 1322 cm™are due to the O-H surface groups,>
and their intensities are more prominent in sample ZT (see the insert of Figure 3). It is recognized that
zirconia with monoclinic structure, which is also known as mineral Baddeleyite, has extensive catalytic
applications as its surface is heavily covered by hydroxyl groups.>* The O-H groups in the monoclinic
surface of the zirconia are located at two sites: terminal O-H groups (O-H coordinated to one Zr ion) and
multi-coordinated O-H groups (O-H coordinated to two or three Zr ions).>*

Additional peaks observed within the 450-830 cm™ frequency range and are due to Zr-0Q.5>%
The Z sample FTIR spectrum comprises well-resolved peaks in this region, confirming the highly
crystalline nature of monoclinic ZrO.. Such two peaks appear less resolved in the case of the ZT sample
due to the microstrain and defects of the lattice. The vibration bandat 733 cm™ is assigned to ZrO4*
tetrahedral vibration modes. The 665 and 563 cm™ bands are allocated to the Zr-O-Zr and Zr-O vibrations,

respectively.>® The last two bands (563 and 655 cm™) characterize the monoclinic ZrO, phase.’

3.1.4 | SEM/EDS analysis

The EDS spectra of Z and ZT samples are displayed in Figure S3 (Supporting Information), revealing the
presence of zirconium, oxygen and carbon elements. The atomic percentage (at%) of each element is
shown in Table S2. The Zr:O ratio for the Z sample is 0.50:1 and 0.49:1 for the ZT sample, which is in
very good agreement with ZrO, stoichiometry. The SEM micrographs of the analyzed powder

agglomerates are presented in the inset of Figure S3.

3.1.5 | XPS studies
The XPS survey spectra (Figure 4A) revealed the presence of zirconium, oxygen and carbon elements
within the analyzed samples. The recorded core level spectrum of the Zry,, Figure 4(B), was broad,

revealing two different chemical states, which according to the literature and the XRD data were defined

10
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as ZrOy with a different lattice structure. The dominant component, peaking at 181.6 eV, was ascribed to
ZrO with monoclinic structure, while the second, smaller component, red-shifted by +1.1 eV was defined
as tetragonal Zr0,.%8° It should also be noted that a very similar spectral shift is typically found for
Zr(OH)4, which was confirmed in large amounts using ATR-FTIR studies; therefore, the peak recorded at
182.7 eV for ZT catalyst should rather be featured as Zr(OH)4,%° as the XRD revealed no tetragonal
structure within these nanoparticles.

Furthermore, as shown in Figure 4(C), the Oy profile is overall quite complicated. The major two
peaks, located at 529.5 and 530.5 eV were deconvoluted as ZrOz in monoclinic and Zr(OH)s,
respectively.%®®! The third, broad O1s component, peaking at approx. 531.4 eV is the most complex to
explain, as it may have multiple equally-valuable origins; it could partially result from C-O bonds present
in tartrate species used as mineralizer,? or from adventitious carbon contamination from air exposure and
CO- adsorption. Also, the component couldpartially be related to water chemisorption and formation of
surface hydroxide species Zr(OH)a4.%® The analyzed C1s peak can be curve-fitted with three components at
284.6, 286.5 and 288.6 eV ascribed to adventitious carbon and tartrate species.5%%*

The analysis was summarized in Table 1. According to the high-resolution XPS analyses carried
out in the Oss and Zrop spectral range, the total Zr:O ratio ranges between 0.48:1 to 0.54:1, to be expected
for ZrO> stoichiometry, with a low share of other valence states of zirconium. At the same time, the
strength of Oy peak at 531.4 eV, primarily associated with air atmosphere contamination, tartrate species
and chemisorbed water species, is nearly twice as strong for ZT in comparison to

Z catalyst.

11
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3.2 | Electrocatalytic studies for the HER

3.2.1 | Cathodic polarization measurements

Figure 5(a) depicts the LSV curves recorded for Z and ZT catalysts in comparison with bare GC and
commercial Pt/C electrodes. The various electrochemical parameters used to describe the kinetics of the
HER were derived from Figure 5(b), constructed via fitting the linear polarization data of Figure 5(a) to
the equation of Tafel. Table 2 summarizes such parameters for each tested catalyst.

There is an obvious shift in the onset potential (Exer), the potential beyond which the cathodic
current is steeply increased, towards more anodic (active) direction from bare GCE to Z and
ZT catalysts. The Ener value of the ZT sample that has been subjected to repetitive cyclic cathodic
polarization (10,000 cycles) approached that of the Pt/C catalyst. This process of cathodic activation
yielded an activated ZT catalyst, namely ZT* catalyst. In addition, the ZT catalyst’s cathodic current
beyond Ener is steeper than that of Z. This steepness means that high cathodic currents (corresponding to
large amount of H,) can be generated at low cathodic potentials. For instance, an overpotential value of
10 = 235 mV was sufficient for ZT catalystto generate a current density of 10 mA cm. This value further
decreased to 140 mV, close to that measured for the Pt/C catalyst (710 = 128 mV), upon cathodic activation
(i.e., for ZT* catalyst).

On the other hand, Z catalyst required much higher overpotential (710 = 490 mV) to deliver the
same cathodic current. These findings reveal the high HER catalytic performance of ZT catalyst, which is
further enhanced after cathodic activation to approach that of the state-of-the-art Pt/C catalyst. The
promising HER catalytic activity of ZT* catalyst will be discussed later in section 3.2.4, where
ZT catalyst was activated during long-term stability tests.

The steepness of the cathodic currents of ZT catalysts (inactivated ZT and activated, ZT*) is

translated into higher exchange current density (jo) values (0.22 and 0.47 mA cm? for ZT and

12
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ZT* catalysts, respectively). The latter j, value (0.47 mA cm), which is 26 times greater than that
recorded for Z catalyst (0.018 mA cm), approached that of Pt/C (0.66 mA cm2). The mechanism of the
HER in alkaline media proceeds in two steps,'”% namely Vomer (Eq. (7)), followed by either Heyrovsky,

Eq. (8), or Tafel, Eq. (9):

H20 + S™+ & — S"-Hags + OH" (7
H20 + S™-Hags + & — H2 + S™+ OH" (8)
S"-Hags + S"-Hags — S*+ S + Ha 9)

Where S™ and S”-Hags denote an active catalytic site on the catalyst surface and a hydrogen intermediate
adsorbed on that active site, respectively. Based on the electrochemical results (Figure 5) and their
associated HER kinetic parameters (Table 2) discussed above, it is plausible to conclude that the active
catalytic sites (catalyst surface’s defects and —OH functional groups) on the ZT surface markedly
accelerated the kinetics of water reduction in the VVolmer step.

The HER rate-determining step can be deduced from Tafel slope. Butler-Volmer kinetics revealed
120, 40, or 30 mV dec* numerical values for Tafel slope (5c) when the Volmer, Heyrovsky, or Tafel step
is the rate-determining step, respectively.*>% g; values of 125 and 122 mV dec* were calculated for ZT
and ZT* catalysts, respectively. These values are near to the ideal value for the Volmer step
(120 mV dec™?), suggesting this step as the rate-limiting ofthe HER on ZT and ZT*. However, a Tafel
slope of 120 mV dec® was also observed in the higher coverage region of the adsorbed hydrogen atom
(01 = 0.6) for the determining step of the Heyrovsky rate. Such a Tafel slope value, namely
120 mV dec, cannot therefore be due solely to the Volmer step; it must derive either from the VVolmer or
from the Heyrovsky rate-determining step with high 6y values.®” The values of
B estimated for ZT and ZT* catalysts (125 and 122 mV dec™), which are close to that of the Pt/C catalyst

(119 mV dec?), refer to efficient HER catalytic performance.

13
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3.2.2 | Electrochemical active surface area (EASA) calculation
Another important parameter used to assesscatalysts’ activity is their electrochemical active surface area
(EASA), which can be calculated using Eq. (10):58°

EASA =Ca / Cs (10)
where Cq is the double-layer capacitance of the investigated catalyst, estimated from the CV
measurements performed at various potential scan rates, Figure 6 (a-e). The Csin Eq. (10) refers to the
double-layer capacitance of a 1.0 cm? flat electrode.

Values of Cq were obtained from the slope of half the difference in current density between anodic
and cathodic scans, (AJ = Janodic — Jeathodic)/2, against potential scan rateplots.’®’* The Cq value calculated
for the ZT* catalyst (57.9 mF cm™) is about 1.5 and 12 times greater than those determined for ZT
(39.9 mF cm) and Z catalysts (4.74 mF cm2), and close to Pt/C (64 mF cm). The typical value of Csfor
such electrodes ranges from 20 to 60 uF cm™.7%t This range of capacitance values gives an average value
of 40 uF cm™. This average value of Cs when inserted in Eq. (10) gives EASA values of 119, 998, and
1498 cm™ for Z, ZT, and ZT* catalysts, respectively. The EASA value of ZT* markedly approached that
of the Pt/C (1600 cm?). These findings refer to the larger accessible active surface area of ZT and
ZT* catalysts as compared with Z catalyst, which expedites the electron transport at the electrode-

electrolyte interface thus promoting HER kinetics.”

3.2.3 | Active sites density and turnover frequency calculations
The number of active sites (n, mol) on catalyst’s surface can be calculated from Eq. (11):"
n = Qnet/2F (11)
F is the Faraday constant (96485 C / mol), and number 2 corresponds to the number of transmitted

electrons during the HER's development. Qnet is the catalyst’s net voltammetry charge obtained by the

14
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subtraction of charges resulting from GCE (bare surface) from those derived from the tested catalyst,
namely the GCE-catalyst electrode: (Qnet = Qcce-catalyst — Qbare ccg). Such Q values were derived from
catalysts’ cyclic voltammograms, Figure 7.

Inserting the obtained Q values (0.001, 0.008, 0.011, and 0.013 C for Z, ZT, ZT* and Pt/C
catalysts, respectively) into Eq. (11) gives n values of 52 x 10° 4.7 x 10% 6.2 x 1078, and
6.7 x 10 mol, respectively. The per-site turnover frequencies (TOFs, s*) can be calculated based on
Eq. (12),”® where | represents the current density (A cm) generated at a specified overpotential.

TOF =|1|/2Fn (12)
Consolidating Equations (11) and (12) gives Eq. (13):

TOF=|1|/Q (13)
It is, therefore, possible from Eq. (13) to turn the LSV polarization curves’ current densities to TOF values,
as shown in Figure 8. It follows from Figure 8 that, for any tested catalyst, the TOF value increases with
applied potential, where Hz gas is abundantly evolved. At any applied potential, the value of TOF increases
following the sequence: Z < ZT < ZT* ~ Pt/C. For instance, the ZT* catalyst’s TOF value at an
overpotential of 200 mV is 2.75 s per site, which is very close to that estimated for the Pt/C catalyst
(2.86 s per site), and 4 and 18 times greater than that of ZT (0.7 s per site) and Z catalyst
(0.15 s per site) at the same overpotential. These results support the promising HER catalytic activity of
the activated ZT* catalyst, which is comparable to the catalytic performance of the effective HER

electrocatalysts in the literature (Supporting Information, Table S3).

3.2.4 | Catalyst activation during long-term stability tests
Figure 9 illustrates ZT catalyst’s long-term stability and durability tests using continuous cyclic
polarization (CP) for 5,000 and 10,000 cycles and controlled potential electrolysis (CPE) measurements

upto 72 h.

15
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A clear enhancement in the cathodic current can be seen after 5,000 and 10,000 cycles, referring
to catalyst activation. This increase in the cathodic current enhances with applied cathodic potential where
H.is liberated progressively, thus revealing the catalytic impact of the evolved Hz.”* The result of the long-
term cathodic polarization test is an activated ZT* catalyst, whose HER activity significantly approached
that of the Pt/C catalyst, as shown above. Results of the CPE measurements, chronoamperometry
technique conducted at a fixed overpotential, -0.7 V vs. RHE (inset of Figure 9), supported CP
measurements; the resulting cathodic current is increased throughout the run. These results reveal that the
improved HER catalytic activity not only survives as long as the potential (current) is held constant
at -0.7 V vs. RHE, but also is ameliorated during the operation, a highly promising aspect for the catalyst's
practical use over long term operation. Catalyst activation during long-term cathodic processes was a
reproducible phenomenon in this work, and formerly obtained in our laboratory.”-"®

The evolved hydrogen is expected to incorporate into the crystal structure of ZrO, NPs creating
new defect (catalytically active) sites for the HER.& Hydrogen incorporation into the material structure
may also break ZrO2 NPs down due to the hydrogen insertion-induced stress/strain.?° As a result of this,
catalyst surface roughness (i.e., increased ratio of true surface area to apparent surface area) is increased
thus, favoring hydrogen generation at reduced overpotentials. CV measurements (revisit Figure 6)
supported the enhanced surface area of the catalyst as a result of H insertion. The EASA
value of the as-prepared (inactivated) ZT catalyst has markedly increased from 998 cm? to 1498 cm after

cathodic activation (ZT* catalyst).

3.3 | Characterizations of the activated catalyst (ZT%*)
Figure 10(a) presents XRD pattern of zirconia powder (ZT* catalyst) obtained after the long-term stability

test i.e.72h of chronoamperometry measurements conducted at -0.7 V vs. RHE (inset of
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Figure 9). Table S4 (Supporting Information) gathers the lattice parameters, collected from profile
refinement. In that case, the pattern also exhibited significant peaks broadening, indicating that ZT catalyst
maintainedits nanocrystalline nature even after the long-term stability test of the investigated material.
ZT" catalyst sample is found to be a single phase as there are no aditional peaks that would correspond to
any impurities or secondary phase. The main phase, represented by the Miller indices (hkl), can be
assigned to the monoclinic crystal structure of ZrO, (P21/c, s.g. 14).

The Williamson-Hall plot of Bcos(0) versus 4sin(0) for ZT" sample is displayed in Figure 10(b).
The crystalline size was estimated from the y-intercept from the linear fit to the data, and the strain from
the fit slope. As one can see, for ZT" catalyst sample, the crystallite size and the strain are more than twice
larger than for Z and ZT samples.

The XRD observations are further supported by the SEM/EDX and XPS analyses. For XPS studies
of ZT* catalyst, the deconvolution model used was analogous to previously presented one (see Figure 11).
The stoichiometry of the ZT* catalyst indicates ZrO, based on both EDX (Supporting Information,
Figure S4) and XPS studies. The monoclinic-to-tetragonal ratio ZrO, (M:T), according to the proposed
deconvolution model, rises from 2.9 for ZT sample up to 5.7 for ZT*. In this regard, the peak recorded at
182.7 eV for ZT* catalyst should rather be featured as Zr(OH)4, as the XRD revealed no tetragonal
structure within these nanoparticles. At the same time, the previously ascribed complex Ois peak at
531.4 eV is significantly smaller for ZT* catalyst, testifying possible removal of the mineralizer during
the activation process (ZT* Ois ZrO> species share versus other oxygen-containing species is 3.6:1,
compared to 1.8:1 for ZT). Due to the removal of the organic species, the third O1s component is primarily
explained by the higher capability of ZT* nanoparticles for water chemisorption, consistent with

ATR-FTIR and XRD results.
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4 | CONCLUSION

In this work, a hydrothermal processing route was adopted to synthesize monoclinic ZrO>NPs. The
process was conducted at 240 °C in the absence and presence of sodium tartrate. Highly dispersible
ZrO,NPs with high amount of disorder were obtained in presence of sodium tartrate, designated as ZT
catalyst. ZrO, NPs obtained in absence of sodium tartrate were termed as Z catalyst. The catalytic
performance of ZT catalyst toward the electrochemical generation of H> gas from alkaline solutions
significantly exceeded that of the Z catalyst. The high ZT catalyst’s HER catalytic performance was
attributed, based on XRD examinations, to the abundance of structure defects (and therefore increased
number of catalytically active surface sites). Such active sites are rich in surface —OH groups (evidenced
from ATR-FTIR spectroscopy studies) and scattered over a large electrochemical active surface area
(EASA), as demonstrated from double-layer capacitance (Ca) measurements. It is noticed that, during
long-term stability test of ZT catalyst under extreme cathodic conditions, the HER catalytic activity of the
ZT catalyst wasmarkedly increased. This long-term cathodic activation process yielded an activated ZT
catalyst (designated as ZT* catalyst) with HER catalytic performance approaching that of the commercial
Pt/C catalyst. The higher catalytic activity of ZT* nanoparticles may be explained by its altered structure
(increased  surface area and  microstrain),  resulting  from  further  hydroxylation
(surface —OH groups).The increase of microstrain and Zr-O-H of ZrO, nanoparticles after cathodic
activation of the catalyst was concluded based on XRD and XPS studies, respectively. Also, increasing
the degree of hydroxylation, as expected, opens cavities in zirconia structure, which results in enhanced

surface area as determined from double-layer capacitance (Ca) measurements.
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FIGURE 1 XRD patterns of monoclinic zirconia prepared by hydrothermal route: (a) without
(Z sample), and (b) with sodium tartrate (ZT sample).
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FIGURE 2 TEM and HRTEM images of Z(a,b) and ZT (c,d) samples.
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FIGURE 3 ATR-FTIR spectra of the two studied Z and ZT samples.
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FIGURE 4 XPS analysis of Z and ZT nanoparticles: (A) survey spectra and core level spectra of the
Zryp (B) and Ogs (C) with peak deconvolution.
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FIGURE 5 Cathodic polarization measurements (a) and the corresponding Tafel plots (b) recorded for
our synthesized catalysts. Measurements were conducted in 1.0 M KOH aqueous solution at a scan rate
of 5mV st at room temperature.
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FIGURE 6 CV measurements recorded for Z(a), ZT(b), ZT*(c), and Pt/C(d) catalysts at various
potential scan rates{(1) 5 mV s*; (2) 10 mV s%; (3) 20 mV s%; (4) 40 mV s; (5) 80 mV s}, and AJ/2
vs. potential scan rate plots(e). Measurements were conducted in 1.0 M KOH aqueous solution at room

temperature.
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FIGURE 7 CV measurements recorded for Z and ZT catalysts in comparison with Pt/C catalyst.
Measurements were conducted in 1.0 M KOH aqueous solution at a scan rate of 80 mV st at room
temperature.
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FIGURE 8 The comparison of HER activity normalized by the number of active sites in terms of TOF
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FIGURE 9 Repetitive cycling (5,000 and 10,000 cycles) of the cathodic polarization curves of ZT
catalyst. Inset: Chronoamperometry measurements (j vs. t) recorded for the catalyst at a constant applied
cathodic potential of -0.7 Vvs.RHE. Measurements were carried out in deaerated KOH aqueous
solutions (1.0 M) at 25°C.
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FIGURE 10 (a) XRD patterns of zirconia powder prepared by hydrothermal route after cathodic
activation (ZT sample); (b) Williamson—Hall plots of ZT" sample.
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FIGURE 11 XPS analysis of ZT* catalyst: (A) survey spectra; high-resolution spectra of the (B) Zr2p and
(C) Ols.
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TABLE 1 XPS analysis of investigated Z and ZT catalysts with peak deconvolution.

ZrOmonoclinic Zr(OH)4 ZrOmonoclinic Zr(OH)4 %hgrgoﬂgé/
BE /eV 181.6 182.7 529.5 530.5 531.4
Z 23.2 10.4 31.7 21.4 13.4
ZT 24.3 8.3 35.2 7.7 24.5

TABLE 2 Mean value (standard deviation) of the electrochemical kinetic parameters for the HER on the
surfaces of our synthesized catalysts. Measurements were conducted at room temperature in deaerated
KOH solution (1.0 M).

Tested cathode Ener / Tafel slope Exchange current Overpotential
density )
mV vs. RHE (-Be, mV dec?) at j =10 mA cm
i mA cm?

(Jo. mA em”) (710/ MV vs RHE)
bare GCE | - 130(1.5) 3.98(0.05) x 10° 690(7.2)
Z catalyst -450(4.9) 177(2.1) 1.8(0.02) x 102 490(5.0)
ZT catalyst -202(2.5) 125(1.4) 2.2(0.03) x 10! 235(2.7)
ZT* catalyst -88(1.6) 122(1.4) 4.7(0.06) x 101 140(1.5)
Pt/C -55(1.2) 119(1.1) 6.6(0.05) x 10! 128(1.3)
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