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Platinum (Pt)-based electrocatalysts are considered benchmark
materials for the hydrogen evolution reaction (HER) in acidic
solution. However, widespread use is limited by the high price
of Pt. Tuning the Pt morphology to increase the catalytic
surface area for the same mass loading is therefore essential to
increase its utilization. Herein, single Ti3C2Tz flakes were
deposited by electrophoresis onto a carbon-fiber gas diffusion
layer, after which Pt nanostructures were selectively deposited
onto the Ti3C2Tz flakes by pulse electrodeposition. It was
observed that the pulse on-time (ton) and duration had a
significant effect on the morphology and activity of the

composite electrode towards HER. Flower-like and spherical
morphologies were produced at long and short values of ton,
respectively. As-synthesized electrocatalysts were studied for
HER in 0.5 M sulfuric acid (H2SO4). The catalyst with the lowest
Pt loading (10 μg/cm2), exhibited outstanding HER performance.
It attained a current density of 10 mA/cm2 at an overpotential
of 38 mV, close to that of commercial carbon supported
platinum (Pt/C, Vulcan XC). This catalyst exhibited a high
turnover frequency (23.9 H2 s

� 1 @ 100 mV), small Tafel slope
(41 mV/dec), and high mass-specific activity (2.45 A/mgPt @
100 mV).

Introduction

The growing demand for energy and negative impact of fossil
fuel utilization requires an efficient and environment friendly
energy source.[1] Recently, hydrogen (H2) has received enormous
attention as a promising alternative to conventional fossil
fuels.[2] H2 as an energy carrier has many advantages over fossil
fuel owing to its high gravimetric energy density and does not
pollute the environment upon conversion to electricity.[3,4] As a
consequence, demand for H2 is expected to grow in future.[5]

Among different H2 production technologies, water electrolysis
has gained significant importance as it can produce so-called
green H2 in an environment-friendly way by using renewable
energy sources.[6] For the half reaction at the cathode, i. e. the
hydrogen evolution reaction (HER), Pt-based electrocatalysts are

commonly used.[7] Modulating surface structure by tuning
morphology and size has been found promising to increase
HER activity, and thus reducing the material required to achieve
the comparable performance.[8–14] For instance, improved HER
performance was reported for hierarchical dendrite like-Pt[13] or
a pine-shaped Pt nanoarray.[14] While Pt nanoparticles are
abundantly used for industrial applications, they are susceptible
to agglomeration after prolonged activity and cycling, which in
turn degrades their catalytic activity and durability.[15] Anchoring
Pt nanoparticles on suitable support material such as transition
metal carbides are known to be beneficial for enhancing
electrocatalytic activity.[16] Strong metal-support interaction
owing to similar electronic d-band structure of transition metal
carbides and Pt has been shown to lead to stable electro-
chemical performance even with low Pt content.[17,18]

MXenes are a class of two-dimensional transition metal
carbides and nitrides, and gained significant interest as a
support material in the field of electrocatalysis[19–25] owing to its
high conductivity, high surface area, hydrophilicity, and electro-
chemical activity.[20,24,25] MXenes are synthesized by the selective
etching of the A-layer in MAX phases, Mn+1AXn, where M
represents an early transition metal, A is a group 13 or 14
element, and X represents carbon or nitrogen. The stoichiom-
etry of MXenes is represented as Mn+1XnTz, where Tz stands for
the surface termination group (typically -O, -OH, or -F). Recent
literature reports revealed promising HER performance of
MXene-Pt composites with low Pt content.[26–30] For instance,
Yuan et al.[26] synthesized Pt nanoparticles (1.2 wt %) on Ti3C2Tz
by wet-impregnation and photo-induced methods and showed
a small HER overpotential of 55 mV to reach 10 mA/cm2. The
high activity was attributed to electronic modification of Pt by
the MXene. Another group deposited 3.0 wt % Pt on MXene by
the atomic layer deposition technique.[27] Authors claimed
excellent HER activity was due to uniform Pt dispersions on
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conductive MXene support. MXene provides strong metal-
support interaction which could offer long-term stability by
mitigating aggregation.[23] In this context, Zhang et al. synthe-
sized highly stable single Pt atoms immobilized Mo2TiC2Tz which
had a mass activity 40 times higher than commercial Pt/C
(Johnson Matthey) and could retain its HER performance up to
100 h.[28] The high stability is attributed to covalent bonding
between Pt and Mo2TiC2Tz. In another approach, Li et al.
synthesized Pt3Ti intermetallic nanoparticle decorated Ti3C2Tz by
thermal reduction at 550 °C, that showed excellent HER catalytic
activity with a small overpotential of 32.7 mV at 10 mAcm� 2.[29]

Nevertheless, the electrochemical performance of Pt-based
catalyst largely depends on the morphology, size, and
distribution.[30] Synthesis methods which enables facile and easy
preparation of Pt nanoparticles with desired morphology and
size on MXene are therefore in high demand.

Electrodeposition is a promising technique and has many
advantages over other available methods of synthesis. With this
technique, the growth of the deposit particles can be easily
controlled by adjusting parameters such as potential, current
density, electrolyte, precursor concentration, and deposition
time.[31–36] Furthermore, it is fast, efficient, reproducible, and
demands a low energy input. As metal nanoparticles can be
directly grown on the electrode/substrate, time consuming
multi-steps including synthesis of catalyst requiring either high
temperature or reducing agent and stabilizer can be readily
avoided.

Despite several advantages, few reports are found in the
literature which describe electrochemical deposition of Pt
nanoparticles on MXene for HER.[37–41] Here, we first coated
Ti3C2Tz MXene by electrophoretic deposition (EPD) on a
SIGRACET 29BC gas diffusion layer (hereafter, “GDL”) like those
used in electrolyzers, followed by selective electrodeposition of
Pt onto the Ti3C2Tz. Different Pt morphologies were obtained by
exploiting pulse electrodeposition, and HER performance was
subsequently studied in acidic electrolyte as function of the
electrodeposition conditions.

Experimental Section

Materials

Titanium (Ti, 99.7%), lithium fluoride (LiF, 99%), and aluminum (Al,
99.7%) powders were received from Strem (USA). Titanium carbide
(TiC, 99.5%) and hexachloroplatinic acid (H2PtCl6 · 6H2O, >37.5% Pt
basis) were obtained from Alfa Aesar (USA) and Merck (USA),
respectively. Hydrochloric acid (HCl), sulfuric acid (H2SO4), were
purchased from Lab-Chem. Commercial Vulcan XC� Pt (20 wt. %
mass loading) and SIGRACET® 29BC gas diffusion layer carbon
paper were purchased from Premetek (USA) and Ion-Power (USA),
respectively. High purity deionized (DI) water was obtained using
Milli-Q system (Millipore, USA).

Synthesis of MAX Ti3AlC2

The Ti3AlC2 MAX phase was synthesized using a reactive sintering
route.[21] Briefly, TiC, Ti, and Al powders were mixed with a molar
ratio of 2 : 1 : 1.05 and ball-milled at 1800 rpm for 5 min. The mixture

was formed into a pellet and placed in an alumina crucible for
annealing. The temperature of the furnace was kept at 1500 °C for
120 min. The heating rate was 5 °C/min. During annealing an inert
atmosphere was maintained by flowing 200 sccm argon (Ar).
Thereafter, the resulting sample was ball-milled to fine powder at
1800 rpm for 5 min.

Synthesis of MXene Ti3C2Tz

Ti3C2Tz was synthesized from the Ti3AlC2 MAX phase following a
modified LiF-HCl route.[21] Briefly, Ti3C2Tz was obtained by selective
etching of Al-layer of Ti3AlC2 using in-situ generated HF. Initially, LiF
(0.5 g) was dissolved in 5 ml HCl (12 M) in a polyethylene vial. Later,
Ti3AlC2 powder (0.5 g) was slowly added to the solution and stirred
for 24 h at 35 °C. Post-etching, the slurry was washed with DI water
repeated several times until an approximately neutral pH (�6) was
reached. The washing step includes vigorous shaking followed by
centrifugation at 5000 rpm for 5 min. After washing, the etched
sediment was sonicated for 30 min in DI water in the presence of
ice bath. The resulting black dispersion was then centrifuged at
5000 rpm for 30 min and the colloidal supernatant containing
single layer of Ti3C2Tz was collected. The Ti3C2Tz colloid solution was
purged with Ar and stored in a refrigerator to avoid oxidation. The
yield was 7 mg/ml, obtained after drying the Ti3C2Tz in a desiccator
overnight.

Electrophoretic Deposition of Ti3C2Tz

EPD of Ti3C2Tz was performed in a two-electrode cell. The carbon-
fiber GDL and Pt-mesh were used as working and counter
electrode, respectively. As GDL is hydrophobic, it was treated with
water/ethanol (50 vol %) mixture before use. Freshly prepared
Ti3C2Tz solution was diluted by adding DI water and sonicated for
10 min. Diluted Ti3C2Tz solution (1.5 mg/ml) was placed in the
electrophoresis cell where GDL and Pt-mesh were immersed as
electrodes at a distance of 1 cm. Deposition of Ti3C2Tz was carried
out by applying 5 V for 30 s using a Bio-Logic potentiostat.

Electrochemical Deposition of Pt

Electrodeposition of Pt was carried out using Bio-Logic potentiostat.
Nitrogen purged solution containing 3 mM H2PtCl6 in 0.1 M KCl,
which was used as the supporting electrolyte. The working
electrode was the Ti3C2Tz@GDL described above while Pt-mesh and
a saturated calomel electrode (SCE) were used as the counter and
reference electrode, respectively. Direct current (DC) deposition of
Pt was performed by holding potential at � 0.42 V vs SCE for 600 s
(hereafter denoted as MX_Pt-DC). All pulse experiments conducted
in this study used a 50% duty cycle (θ). The potential during on-
time (ton) and off-time (toff) was kept at � 0.42 V vs. SCE and open
circuit potential, respectively. The duration of ton was 0.06, 3, and
15 s, corresponding to 10 k, 200, and 40 cycles, respectively, to
keep the total ton for each electrode fixed at 600 s. As-deposited
catalysts were labelled as MX_Pt-0.06-10k, MX_Pt-3-200, and MX_
Pt-15-40, respectively. Additionally, Pt was pulse electrodeposited
with cycle number 5, where duration of ton was 15 s (MX_Pt-15-5) in
order to prepare a sample with low Pt loading.

Material Characterization

X-ray diffraction (XRD) measurements were performed using a
Bruker D8 Discover diffractometer (Germany) with Cu� Kα (λ=

1.54 Å) radiation. XRD was taken on a GDL with an area of 1 cm2.
Scanning electron microscopy (SEM) analysis was acquired with
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Quanta 200 FEG SEM coupled with an energy-dispersive X-ray
spectroscopy (EDS) detector (X–Max SDD Oxford). Transmission
electron microscopy (TEM), and high-resolution TEM (HRTEM), and
selected area electron diffraction (SAED) analysis were performed
using a Talos F200i (Thermo Scientific, USA). X-ray photoelectron
spectroscopy (XPS) measurements were performed using the 5600
Multi-Technique System (PHI, USA) in ultra-high vacuum
(2.5×10� 10 Torr base pressure). The samples were irradiated with an
Al� Kα monochromatic source (1486.6 eV) and the outgoing elec-
trons were analyzed by a spherical capacitor analyzer using the slit
aperture of 0.8 mm. XPS spectra were shifted to adventitious C1s
peak at 284.8 eV. The contact angle measurement was done by
using a tool made by Ramé-Hart instruments (USA). The measure-
ment was done using a 2 μL DI water droplet at ambient temper-
ature. The droplet was imaged by a magnified digital imaging setup
providing the contact angle. The bulk composition of the samples
was measured with inductively coupled-plasma mass spectrometry
(ICP-MS, Perkin Elmer, USA).

Electrochemical Characterization

Electrochemical HER was performed with Bio-Logic potentiostat.
The catalyst-coated GDL and graphite rod were used as working
and counter electrodes, respectively. The working area of GDL was
0.2 cm2. Ag/AgCl (sat. KCl) was used as the reference electrode. The
electrolyte was 0.5 M H2SO4. The reference electrode’s potential was
converted to the reversible hydrogen electrode (RHE) using the
following expression: ERHE =EAgCl+E0AgCl+0.059 pH. Linear sweep
voltammetry was obtained at scan rate of 5 mV/s. A stability test
was performed by cyclic voltammetry (CV) and chronopotentiom-
etry.

Results and Discussion

Ti3C2Tz-Pt nanostructures were synthesized in two steps as
illustrated in Figure 1. Ti3C2Tz@GDL was first prepared by EPD of
Ti3C2Tz on GDL from its colloidal solution. Ti3C2Tz flakes are net-
negatively charged which is consistent with zeta potential
measurements (Figure S1).

EPD was initiated by applying 5 V, resulting in the
negatively charged Ti3C2Tz flakes to migrate towards positively
charged working electrode. This process yielded a uniform and
thin film (0.32 μm) of Ti3C2Tz (Figure S2). Subsequently, Pt
nanostructures were directly grown on Ti3C2Tz by pulse-electro-
deposition. The Pt morphology and loading were controlled by

changing ton and cycle number using a constant duty cycle of
50%.

The X-ray diffraction (XRD) was carried out to confirm the
presence of Ti3C2Tz and Pt nanostructures. Figure S3 shows that
the characteristic (002) peak of Ti3AlC2 at 2θ = 9.8° was
broadened and shifted to a lower angle (2θ=6.3°) because of
exfoliation, and the peaks (between 30 to 60°) corresponding to
the MAX phase Ti3AlC2 nearly completely disappeared. Figure 2
shows the XRD profile of the Ti3C2Tz@GDL before and after the
Pt electrodeposition step. Characteristic diffraction observed at
27.87°, 31.99°, 42.96°, and 57.2° correspond to the (001), (100),
(101), and (110) planes of cubic Pt (JCPDS, No. 24–0771).
Notably, the Pt diffraction intensity of MX_Pt-15-5 was weaker
and broader than that of the other samples due to lower Pt
content and smaller particle size. Also, the (002) peak of Ti3C2Tz
becomes indistinct after the electrodeposition of Pt. This could
be due to spatial expansion of Ti3C2Tz layers induced by the
presence of Pt.[42]

The influence of ton on the morphology of as-synthesized
Ti3C2Tz-Pt nanostructures was analyzed by SEM shown in
Figure 3. Quasi-spherical Pt particles with smooth surface were

Figure 1. Schematic illustration of the electrophoretic deposition of Ti3 C2Tz on GDL and subsequent electrochemical deposition of Pt.

Figure 2. XRD profile of electrodeposited Pt nanostructures on Ti3 C2Tz@GDL.
The peak at 26° is from the carbon GDL and was cut to be able to show the
MXene and Pt peaks.
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obtained at a ton of 0.06 s. When ton increased to 3 s, a star-
shaped Pt morphology was observed with sharp-edges. When
ton was further increased to 15 s, a flower-like morphology was
obtained where sharp edges were maintained, but branches
became flatter compared to the sample prepared using a 3 s ton.
Pt deposited by DC had a flower-like morphology with curved
edges. This can be explained by the effect that pulsing has on
the concentration profile of Pt near the growth front during
electrodeposition. When ton was small (0.06 s), the consumption

of Pt ion was comparatively low and the lost Pt in the
electrolyte adjacent to the growth front is quickly re-supplied
by diffusion. As a result, the growth of elemental Pt takes place
uniformly in all directions yielding smooth spherical morphol-
ogy. As ton is increased, the depletion of Pt from the deposition
is not sufficiently replaced by diffusion and Pt crystals and mass
transfer limitations cause the Pt to grow in an anisotropic
manner owing to the non-uniform ternary current distribution,
generating star (ton=3 s) and flower-like (ton=15 s) morpholo-
gies.

For comparison, direct current electrodeposition of Pt on
GDL (i. e., without the Ti3C2Tz) yielded a significantly lower
number of Pt particles (Figure S4). This is due to the hydro-
phobic nature of the microporous layer present in our GDL, as
understood from contact angle measurement (Figure S5). By
comparison, the hydrophilicity of Ti3C2Tz maximizes the inter-
action area of the electrode with the electrolyte.[24]

After considering the effect of deposition parameters on the
morphology of the Pt, the influence on the Pt content was
studied. The Pt content of each electrode was measured
quantitatively by ICP-MS analysis (Figure S6). Pt loading for MX_
Pt-0.06-10k, MX_Pt-3-200, MX_Pt-15-40, MX_Pt-DC, and MX_Pt-
15-5 was 134, 182, 188, 104, and 10 μg/cm2, respectively. For
context, the U.S. Department of Energy aims for water electro-
lyzer electrodes to have a max Pt loading of 125 μg/cm2

. MX_Pt-
15-5 was selected for further characterization as it had the best
mass-normalized activity towards HER, as will be discussed in
the next section. MX_Pt-15-5 exhibited flower-like morphology
as seen in SEM (Figure 4a), while both particle density and size
decreased (Figure S7) by comparison to MX_Pt-15-40.

TEM imaging was consistent with SEM observation and
further confirmed that flower-like Pt nanostructures are uni-

Figure 3. SEM images of (a) MX_Pt-0.06-10k, (b) MX_Pt-3-200, (c) MX_Pt-15-
40, and (d) MX-Pt-DC.

Figure 4. (a) SEM (b,c) TEM and HR-TEM images (d) SAED pattern of MX-Pt-15-5. SEM mapping analysis showing (e) Ti (f) Pt.
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formly deposited over Ti3C2Tz MXene (Figure 4b). The average
size of the Pt nanostructures was 50 nm. Fringe-spacing
(0.227 nm) obtained in HRTEM (Figure 4c) and selected angle
electron diffraction (SAED) patterns (Figure 4d) correspond to
Pt. Elemental mapping by EDS (Figure 4e,f) further confirm the
homogeneous distribution of Pt on Ti3C2Tz.

The structure of surface chemical bonding was examined by
XPS. The surface spectra comparison of Ti3C2Tz@GDL and MX_
Pt-15-5 confirmed deposition of Pt (Figure 5a). The HR-XPS
profile of Pt is shown in Figure 5b. Characteristic peaks centred
at 71.0 eV and 73.4 eV, correspond to metallic Pt0, while the
other two peaks observed at 71.69 and 74.99 eV were attributed
to Pt2+ (Pt� O).[41] In Figure 5c,d, the Ti 2p peaks of Ti3C2Tz@GDL
and MX_Pt-15-5 consisted of three doublets which could be
further deconvoluted into six peaks, corresponding to Ti� C,
Ti� C-Tz, and Ti� O. The signature from Ti� C-Tz and Ti� O
originated due to surface functionalization and surface oxida-
tion, respectively.[41] The C1s profile (Figure 5e,f) shows the
characteristic signature of Ti� C for Ti3C2Tz @GDL and MX_Pt-15-
5 at 282.2 and 282.07 eV, respectively.[43]

Electrochemical Characterization

The electrochemical surface area (ECSA) was calculated by
integrating desorption peaks from hydrogen in the under-
potential deposition region of the CV in 0.5 M H2SO4 (Figure S8).
The ECSA increased with Pt loading as measured by ICP-OES
except for the MX_Pt-0.06-10 k electrode which exhibited a
significant drop in ECSA (0.56 m2/g). On the other hand, the

star-shaped (MX_Pt-3-200) and flower-like (MX_Pt-15-40, and
MX_Pt-DC) electrocatalyst specimens exhibited comparatively
higher ECSAs (4.9 and ~6 m2/g). The larger ECSA values are
likely associated with an increased in number of accessible Pt
sites when taking on this morphology. Despite flower-like
morphology, MX_Pt-15–5 possessed low ECSA due to its very
low Pt loading.[44]

The influence of Pt morphology on HER was clearly visible
in linear sweep voltammogram (Figure 6a). MX_Pt-15-5 had the
highest current density when normalized by ECSA. This
electrode required only 38 mV of overpotential to reach the
10 mA/cm2 benchmark current density. By comparison, spher-
ical Pt with smooth surfaces (MX_Pt-0.06-10 k) required 100 mV
overpotential to reach the same current density. Moreover, the
catalysts MX_Pt-15-40, MX_Pt-3-200, and MX_Pt-DC delivered
10 mA/cm2 current density at an overpotential of 44, 53, and
81 mV, respectively. Measurements on pristine Ti3C2Tz (i. e.,
without Pt) showed no significant HER activity; additionally, the
activity of Pt deposited on the GDL without Ti3C2Tz is inferior to
that of MX_Pt-15-5 (Figure S9).

To better understand the HER kinetics and mechanism, the
Tafel slope was evaluated using Tafel equation (η=a+b log j),
where b is the Tafel slope.[45] Elementary steps involved in acidic
HER are Volmer, Tafel and Heyrovsky. Hydrogen evolution on an
electrocatalyst surface can occur either through Volmer-Tafel or
Volmer-Heyrovsky mechanism. Value of Tafel slope sheds light
on possible HER mechanism and rate determining steps.[46] In
this case, Tafel slope for MX_Pt-15-5 was calculated to be
41 mV/dec (Figure 6b), indicating that evolution of hydrogen
proceeds through a Volmer-Heyrovsky pathway and electro-

Figure 5. (a) Surface survey of MX_Pt-15-5 and Ti3C2Tz@GDL. (b)Deconvoluted XPS profiles of Pt 4 f of MX_Pt-15-5. Deconvoluted XPS profiles of Ti 2p and C1s
for (c,e) Ti3C2Tz @GDL and (d.f) MX-Pt_15-5.
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chemical desorption step is the rate determining step.
Furthermore, exchange current density (jo) was measured by
extrapolating the linear part of the Tafel slope (Figure S10). The
exchange current density of MX_Pt-15-5 was 1.16 mA/cm2

which was closer to that of commercial Pt/C (1.55 mA/cm2). The
low Tafel slope and high exchange current density implies
faster charge transfer kinetics and high intrinsic HER activity of
MX_Pt-15-5. Superior intrinsic activity of MX_Pt-15-5 was further
confirmed from the calculated turnover frequency (TOF) (Fig-
ure 6c), i. e. the efficiency of the catalyst.[37] The TOF values for
the MX_Pt-15–5 electrode were 23.9, 36.3, 42 H2 s� 1 at
overpotentials of 100, 150, and 175 mV, respectively, consid-
erably higher than that of commercial Pt/C (14.4, 22, 25 H2 s

� 1).
Furthermore, MX_Pt-15–5 outperformed commercial Pt/C in

terms of mass activity (Figure 6d). The mass activity of MX_Pt-
15-5 (2.45 A/mgPt @ 100 mV) was 3 times larger than Pt/C
(0.75 A/mgPt). The ECSA-specific activity of MX_Pt-15-5 was also
higher than Pt/C (Figure S11). The high activity could be
ascribed to the flower-like morphology of Pt promoting
enhanced access of more catalytic sites and high-index planes.
Figure 6e compares HER performance of MX_Pt-15-5 with
previously reported MXene-Pt based electrocatalysts. Details
can be found in supporting information Table S1.

In addition to electrocatalytic activity, evaluation of catalyst
stability in harsh environment is also crucial. Durability of MX_
Pt-15-5 was examined in acidic pH by cyclic voltammetry and
chronopotentiometry. The MX_Pt-15-5 electrode was subjected
to potential cycling between 0.07 V and � 0.075 V vs RHE at
200 mV/s. Even after 1500 cycles, only 17 mV increase in
overpotential is observed, suggesting good electrochemical
stability (Figure 6f). By comparison, commercial Pt/C (Fig-
ure S12) and chemically deposited Pt@GDL (Figure S13) after
the same potential cycling required an extra 80 and 65 mV of
overpotential to reach same current density, respectively. The
durability of MX_Pt-15-5 was further tested using chronoamper-
ometry at a fixed current density of 10 mA/cm2. Only a small
(25 mV) increase in overpotential was observed after 7 h of HER
(Figure 6f, inset).

Post-HER characterizations of MX_Pt-15-5 were performed
using XRD and SEM to understand any phase and morpholog-
ical change after durability test. Figure 7a compares the XRD
pattern before and after the durability test. It is evident that the
characteristic XRD signature of Pt was retained, and no
additional peak was observed, implying structural stability of
MX_Pt-15-5. Furthermore, no structural degradation of MX_Pt-

Figure 6. (a,b) Linear sweep voltammograms (5 mV/s) and the corresponding
Tafel plot illustrating the HER activity of as-deposited catalysts (c) Plots
illustrating the TOF of MX_Pt-15-5 and Pt/C. (d) Mass activity of as-deposited
catalysts. (e) Comparison of overpotential @ 10 mA/cm2 for MX_Pt-15-5 with
other reported Pt@MXene catalysts. Bracketed numbers represent the
reference from which the data point was taken (f) Voltammogram illustrates
the durability of MX_Pt-15-5. Inset shows the change in potential with time.

Figure 7. Post-HER XRD profile (a) and SEM image (b) of MX_Pt-15-5 after 7 h
durability test.
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15-5 was noticed in SEM images (Figure 7b). Post-HER SEM
mapping (Figure S14) shows Pt nanostructures remained dis-
perse uniformly without any agglomeration. Even though MX_
Pt-15–5 maintains phase and structural stability, its durability is
not up to the mark. To shed light on this, post-HER XPS was
performed. Figure S15 reveals the presence of higher oxidation
state of Ti due to formation of amorphous Ti� O species which
could be associated with HER performance loss.

Conclusions

Pt@Ti3C2Tz electrocatalysts with low Pt loading were fabricated
using electrophoresis of Ti3C2Tz onto a GDL followed by pulse
electrodeposition of Pt. The pulse on-time and cycle number
controlled the Pt morphology and size by controlling the
concentration of Pt adjacent to the electrode during the
deposition process. MX_Pt-15-5 exhibited superior HER per-
formance and outperformed commercial Pt/C in terms of
turnover frequency and mass activity. The same electrode also
performed favorably compared to commercial Pt@Vulcan XC in
durability tests performed by potential cycling. Electrophoresis
and electrodeposition may therefore be considered as valuable
techniques towards the future design of electrolyzer electrodes
containing MXene-support Pt nanoparticles.

Supporting Information Summary

Supporting information contains electrodeposition of Pt on
GDL(Pt@GDL), calculation of electrochemically active surface
area (ECSA), calculation of Turnover frequency (TOF), Zeta
potential measurement of Ti3C2Tz, SEM image (cross section) of
Ti3C2Tz@GDL, XRD profile of Ti3AlC2 and Ti3C2Tz, SEM image of
Pt@GDL, contact angle measurement, Pt loading obtained from
ICP-MS analysis, Average Pt size of electrocatalysts, ECSA of
electrocatalysts, LSV of Pt@GDL, exchange current density (j0) of
MX_Pt-15-5 and Pt/C, ECSA specific activity of electrocatalysts,
durability of Pt/C and Pt@GDL, post-durability SEM mapping,
post-durability XPS profile of Ti, MX_Pt-15-5, and comparison
table.
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Pulse-electrodeposition was used to
deposit Platinum (Pt) nanostructures
on Ti3C2Tz MXene which was previ-
ously electrophoretically deposited on
gas diffusion layer (GDL). The Pt mor-
phology and loading were controlled
by changing ton and cycle number
using a constant duty cycle (θ) of
50%. As-synthesized catalysts were
active towards hydrogen evolution
reaction (HER). The catalyst with the
lowest Pt loading (MX_Pt-15-5) out-
performed commercial Pt/C interms of
mass activity.
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