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A Facile Route to Large-Area 2D Pt

Minsik Kong, Zhen Zhang, Weiyin Chen, Ethan Yupeng Zheng, Aubrey Penn, and Ju Li*

Previous research has explored various nanostructured Pt
Platinum (Pt) is a popular hydrogen-evolution reaction (HER) Ca&?l)’ﬂoyefciiﬁlysts for HER under different electrocatalytic
high-cost limits industrial deployment. This is addressed by incarpoiiating @h'?! Well-defined nanostructures like nanoparticles
oxygen-deficient, gallium (Ga)-rich gallium oxide (GaO,) adhesiéh kiyépehsitpports! '’ or ultrathin Pt decorated particles®! have
reverses the dewetting thermodynamics, yielding continuous 205!BF'4¢ €xcellent activity. However, integrating large-area ultra-

h . 0 . thin metal layers onto diverse substrates with conventional tech-
sub-nanometer thickness by simple direct current (DC) sputtering. &?islog{mh as pulsed laser deposition (PLD), atomic layer depo-

anchoring and vacancy chemisorption produce mechanically robyst, (ALD), or molecular beam epitaxy (MBE) demands highly
transparent, conductive films with high thermal stability. During}#ER]i28l equipment and carefully controlled growth kinetics to

Pt/GaO, reduces, forming a Ga-Pt that further smoothens. The fabiriefitmanostructures, yet, even with such precise processing,
14,15]

matches bulk Pt electrocatalytic activity while sustaining 1A cm®2Fspliggtte dewetting!
without decay. Revealing the wetting mechanism including the &
adhesion layer, and the depositing metals, the strategy generaliqﬁéqglgﬁ
noble metals with adhesion layers, offering a scalable route to U{Jéﬁébid’tion) and accelerating mechanical loss.

catalytic and electronic platforms.

1. Introduction

Clean-energy applications rely heavily on the development of ro-
bust catalysts.'?] Among these, platinum (Pt)-based materials
remain one of the most active and stable choices, for reactions
like the hydrogen evolution reaction (HER).] However, the high
cost of bulk Pt necessitates research into alternative catalysts(*
or strategies to utilize this precious metal more effectively.’] Key
challenges include enhancing the Pt atom efficiency,l®! improv-
ing mechanical durability against attacks like potential cycling
or gas bubbling,/”# minimizing Pt loading!®! without sacrificing
performance, and developing scalable synthesis methods.!!!
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issue persists unless an encapsu-
1(&1(1’ er is introduced. On common substrates like oxides or

¥ raising resistance (electrocatalyst requires electronic

carbons Eguttered Pt adopts a Volmer-Weber growth mode form-

We address dewetting at its thermodynamic root by sputtering
Pt onto an oxygen (O)-deficient, metallic gallium (Ga) included
gallium-oxide (GaO,) adhesion layer obtained using liquid metal
dewetting-induced oxide printing method.'®! The printed GaO,
was confirmed as non-stoichiometric, and electrically conductive.
The printed GaO, was selected after considering both thermody-
namic and kinetic factors governing Pt wetting. Ga provides suf-
ficiently fast interfacial diffusion kinetics at the deposition tem-
perature due to its near-liquid nature, allowing rapid Pt-Ga inter-
action during sputtering. This enabled robust adhesion onto var-
ious underlying substrates without extensive surface treatment.

Here we aim to create ultrathin Pt films deposited directly onto
large-area printed GaO, layers using simple direct current (DC)
magnetron sputtering (Figure 1a). With the GaO, adhesion layer,
even trace amount of Pt forms percolating film, rather than iso-
lated islands or particles, having high surface area, strong adhe-
sion and high electrical conductivity (o ~ 2.9 x 10 S m~ for 1 nm
thick) (Figure 1b).

Transmission electron microscopy (TEM) combined with el
emental mapping is performed to confirm in-plane percolation
compared to Pt deposited onto typical substrates like silicon with
silicon oxide (Si/SiO,) wafers. Moreover, these thin Pt layers were
stable under tape-peel and cotton swab wipe tests, showing me-
chanical robustness and good adhesion to the substrates.

The wetting thermodynamics is estimated by the spreading co-
efficient S,['18 including three effects!*”! (i) a dispersion contri-
bution (S9), (ii) a chemisorption (AW,, ) contribution from Pt-
O-Ga bonding at O vacancies, and (iii) an alloy-anchoring term
(A7.10y) generated when residual metallic Ga in the as-printed
GaO, reacts with arriving metal. The sign of S is the thermo-
dynamic indicator where, S < 0 favors island (Volmer—Weber)
growth, whereas S > 0 yields a continuous precursor film that can
be sub-nanometer in thickness and spreading like oil on water.[2!
The calculations reveal that S becomes positive (S > 0) only for the
as-printed GaO, when the alloy-anchoring term (iii) is included,
explaining the formation of continuous Pt films. Extending the
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same analysis to other noble metals shows that only Pt and palla-
dium (Pd) achieve S > 0, whereas gold (Au) and silver (Ag) remain
S < 0, matching with the experiment.

Finally, this thin Pt layer was electrochemically tested as the
catalyst for HER. Applying high negative potential (up to -1 V vs
reversible hydrogen electrode (RHE)) in sulfuric acid condition
(0.5 M H,SO,) etches and reduces the GaO, and induces the for-
mation of a gallium-platinum (Ga-Pt) alloy film that maintains ul-
tra thinness. During the reaction, the Pt film got smoother with-
out coarsening and exhibited excellent HER activity, with a Tafel
slope of 54.4 (initial) and 44.0 mV dec™! (after 100 h), and overpo-
tentials of 56.5 mV at 10 mA cm~2 and 139.3 mV at 100 mA cm~2,
comparable or even superior to bulk Pt (45.0 mV dec™!, 57.3, and
142.6 mV, respectively). Continuous HER operation over 100 h
confirmed that the 2D Ga-Pt is highly efficient and robust elec-
trocatalytically.

g ' DC sputtering of Pt ° ;

DC sputtering

/ of Pt

2D Pt
GaOy
(Adhesion layer)

High surface area
High adhesion
High conductivity

Figure 1. Schematics of 2D Pt fabrication and morphology with and without GaO,. a) Schematic of the 2D Pt fabrication process. Dewetting-induced
printing method was used to form a GaO, adhesion layer on the desired substrate, followed by Pt deposition via DC magnetron sputtering. b) Schematic
comparing the surface morphology of sputtered Pt with and without the GaO, layer on a poor-wetting substrate.

2. Structural and Chemical Characterization of 2D
Pt

Scanning transmission electron microscopy (STEM) and trans-
mission electron microscopy (TEM) images (Figure 2a—c) illus-
trate the formation of continuous, high-coverage 1-nm thick 2D
Pt networks on large-area printed GaO,. Coverage up to inch-
wafer scale is further supported by electrical conductivity mea-
surements, which will be discussed in detail later. Cross-sectional
STEM images in Figure 2b confirm well-connected Pt films even
at low nominal thicknesses ranging from 0.5 to 2 nm. To better
visualize the atomic structure, a high-resolution cross-sectional
high-angle annular dark-field (HAADF)-STEM image with op-
timized contrast was obtained for the 1 nm 2D Pt film (Figure
S1, Supporting Information). The atomic lattice fringes of Pt are

clearly visible, confirming its crystalline nature and continuous
morphology. The “thickness” here, corresponds to the value mea-
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Figure 2. Morphological and chemical characterization of 2D Pt. a) Cross-sectional STEM image of 1 nm 2D Pt on SiO,, demonstrating large-area
uniform coverage and a smooth, continuous film. b) Cross-sectional STEM images of 2D Pt with varying Pt thicknesses. Note that thickness values are
based on QCM measurements, which may differ slightly from actual thicknesses measured in the microscope. For clarity, Pt is colored green and GaO,
blue. c) Top-view TEM images of 2D Pt at different Pt thicknesses, with T nm Pt on SiO, shown as a reference. Pt coverage was quantified visually using
image analysis software. d) EDS line scan and elemental mapping of 1 nm 2D Pt. e) Pt 4f XPS spectra of 2D Pt at different thicknesses. f) Ga 2p3; XPS

spectra of 2D Pt at different thicknesses.

sured by a quartz crystal microbalance (QCM) during deposition,
distinct from direct physical measurements through the micro-
scope images. The discrepancy between these arises due to the
contribution of in-plane Pt coverage, confirmed by top view mi-
croscope images (Figure 2c). We validated the reliability of the
QCM by depositing a thicker layer of Pt (20 nm), which closely
matched the physical measurement (Figure S2, Supporting In-
formation). Notably, the thickness of the printed GaO, layer re-
mains largely unchanged at ~1.8 nm regardless of the deposited
Pt amount, although its initial thickness was previously mea-
sured as 3.5 nm.['] This suggests that Pt slightly diffuses into
the GaO,, forming a mixed interface (Figure 2c). As shown in
Figure 2c, 0.5 nm 2D Pt shows roughly 2 nm-width networks of
Pt with 56.5% areal coverage. Increasing the thickness to 1 and
2 nm 2D Pt resulted in more extensive and uniform 2D Pt net-
work, reaching 87.6% and 100% areal coverage, respectively. No-
tably, depositing 1 nm of Pt onto 100 nm SiO, coated Si wafer
yielded discontinuous Pt islands with 43.1% areal coverage, indi-
cating poorer wetting property (Figure S3, Supporting Informa-
tion).

Elemental analysis performed using energy-dispersive X-ray
spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS)
(Figure 2d—f) provides additional insights into the surface com-
position and chemical state of Pt. The linear elemental profiles,
together with EDS images, indicate a slight intermixing between
Ga and Ptat the interface (Figure 2d). The XPS data for Pt 4f show|
a strong peak at 71.1 eV, characteristic of metallic Pt°, indicat-
ing that Pt remains metallic irrespective of the deposited thick-
ness. The Ga 2p;, spectrum exhibits a broad peak centered at
1117.6 eV, suggesting the coexistence of Ga° and Ga suboxides.
The reduction of Ga 2p; , intensity with increasing Pt thickness
(t) can be explained by electron scattering described by the inelas-
tic mean free path (IMFP < 2 nm for aluminum K-alpha (Al-Ka)
with Pt metal).2!l When the Pt thickness is less than the effec-
tive probing depth (d.4 = 3 X IMFP), Ga-originating electrons
maintain sufficient intensity. Conversely, for thicknesses exceed-
ing this depth (t > d.g), electron scattering within the Pt film sig-
nificantly reduces the Ga signal detected by XPS. This also con-
firms sufficient in-plane Pt coverage of the underlying GaO,.
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significantly improved adhesion compared to films without GaO,.

3. Electrical, Optical, and Mechanical
Characterization of 2D Pt

Figure 3a compares the sheet resistance of Pt films deposited
with and without GaO, on Si/SiO, wafer substrates as a function
of Pt thickness. Pt films as deposited with GaO, exhibited mea-
surable sheet resistance even at thicknesses as low as 0.3 nm,
whereas films on SiO, (surface of Si/SiO,, 100 nm-thick) sub-
strates showed “out of range” high sheet resistance, until reach-
ing a thickness of 3 nm with still very high sheet resistance.
Even beyond 3 nm, Pt films with GaO, consistently demonstrated
lower sheet resistance compared to films on SiO,, indicating en-
hanced electrical continuity. After annealing at 600 °C for 1 h, the
samples with Pt thicknesses higher than 1 nm further improved,
likely due to the relaxation of internal stress and grain growth.
The sheet resistance of 0.3 nm 2D Pt layer became insulating,
and the 0.5 nm thick layer showed a slight increase in resistance.
After annealing, Pt deposited on SiO, lost electrical conductivity
even at a thickness of 9 nm, which is expected to be described
as solid-state-dewetting.[**] In addition, a comparison with the
conventional titanium (Ti) adhesion layer further confirmed the
superior electrical continuity, lower percolation threshold, and
enhanced thermal stability of the GaO, adhesion layer (Figure
S4, Supporting Information). This demonstrates that GaO, not
only promotes early percolation of ultrathin Pt films but also sup-

~ 1 < . Outofrange 0.5 nm 1 nm Pt{_
g1o5§ \ = 90 Fﬁ% on sapphire
g £
8 § 87.2 % 11 T
R g —
» E 80.0 %
7]
(] .
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£ -~ as-printed GaO, 800°C 1 h GaO, — 2nm Pt
% 10! ->- 80°C 24 h GaO, -=- after 600°C 1h 60 — ITO 66.9 %
0305 1 2 250 400 550 700 850
Thickness of Pt (nm) Wavelength (nm)

Figure 3. Electrical, optical and mechanical properties of 2D Pt. a) Sheet resistance of Pt films as a function of thickness of Pt on GaO, and SiO,. Dashed
lines represent values after annealing at 600 °C for 1 h. b) Normalized resistivity (p/pg, relative to bulk Pt) as a function of Pt thickness, highlighting stable
Pt percolation starting around 1 nm on GaO,. c) Thermal stability of 2D Pt films deposited on GaO, during annealing at 80 °C in ambient air, shown by
changes in sheet resistance over time. d) Comparison of sheet resistance for Pt films deposited on GaO, substrates prepared under various conditions
(as-printed and annealed at different temperatures). e) Optical transmittance spectra of 2D Pt films with different thicknesses. Commercial ITO film
is included as a reference. The purple shaded band indicates the visible range (~ 400-700 nm), while the dashed purple line marks the representative

avelength of 550 nm. f) Mechanical stability tests (tape-peel and wipe tests) of 1 nm Pt film deposited on GaO, /sapphire substrate, demonstrating

presses interfacial degradation during thermal processing, out-
performing the commonly used Ti adhesion layer.

Further looking into the resistivity of the 2D Pt, Figure 3b plots
the resistivity ratio (p/p, ) as a function of Pt thickness, high-
lighting stable metallic percolation at ~#1 nm with the GaO, ad-
hesion layer. Beyond the thickness 1 nm, resistivity values stabi-
lize and approach near-bulk values (p/p, 5 = 1) after annealing,
demonstrating excellent electrical performance.

The small residual gap between the measured and theoreti-
cal bulk resistivity even for large thicknesses is typical for sput-
tered Pt which depends largely on the deposition conditions and
pre- or post-treatments.!??] It is noteworthy that the resistivity ra-
tio remains remarkable at thicknesses below 10 nm, despite the
anticipated significant increase in electron-surface scattering as
the film thickness approaches or becomes much smaller than
the bulk electron mean free path (4,410 nm for bulk Pt).[?*] The
thickness-dependent resistivity was compared with the Fuchs—
Sondheimer (FS) model accounting for electron surface and in-
terface scattering (Figure S5, Supporting Information) to exam-
ine the influence of scattering more quantitatively. The inclusion
of these scattering effects reproduces the deviation from the bulk
value well, indicating that the observed behavior is primarily gov-
erned by conventional size-effect scattering rather than by any
anomalous transport mechanism.
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The Tong-term thermal stability of 2D Pt films under mild
80 °C annealing in ambient air is presented in Figure 3c. All sam-
ples maintain stable electrical performance even after 300 h, with
negligible variation in the sheet resistance. In contrast, bare GaO,
without Pt coating shows higher and unstable sheet resistance
which eventually turns insulating, confirming that metallic Pt is
the dominant reason for the high, stable electrical conductivity.
An aspect ratio approaching 108 is the reason we name it 2D Pt.
In Figure 3d, the impact of the initial chemical composition
of underlying GaO, adhesion layer, according to thermal anneal-
ing is investigated. The initial state of GaO, was controlled by
the post-annealing condition of printed GaO, following the pre-
vious reported paper (non-stoichiometric amorphous GaO, with
metallic Ga inclusion for as-printed sample, non-stoichiometric
amorphous without Ga inclusion after 80 °C for 24 h, and sto-
ichiometric polycrystalline after 800 °C for 1 h).['] Percolation
threshold increased for 80 °C, 24 h GaO, (1 nm), and even more
for 800 °C, 1 h GaO, (2 nm). Thermal annealing under 600 °C, 1h
made both Pt film deposited on pre-annealed GaO, lose its con-
ductivity, showing lower thermal stability compared to the one
deposited on as-printed GaO,.

The optical properties of the samples were characterized by
ultraviolet-visible (UV-vis) spectroscopy, as shown in Figure 3e.
Samples were prepared on c-plane sapphire substrates, with a
bare sapphire wafer as a baseline correction. Owing to their ul-
trathin nature relative to the optical skin depth of Pt (~20 nm),!?*]
the 2D Pt layers remain highly transparent, exhibiting transmit-
tances of 89.2%, 87.2%, 80.0%, and 66.9% at 550 nm for nomi-
nal Pt thicknesses of 0.3 nm, 0.5, 1, and 2 nm, respectively (in-
dicated by the purple dotted line), comparable to the indium-—
tin-oxide (ITO) reference. Inset digital images of the actual sam-
ples placed over printed text visually confirm the high trans-
parency across all thicknesses. Unlike ITO, which displays pro-
nounced peaks and dips due to interband transitions and epsilon-
near-zero feature,[>*! the ultrathin Pt films exhibit a nearly lin-
ear, color-neutral transmittance across the visible spectrum (in-
dicated by the purple band), consistent with a Drude-type free-
electron behavior.[2¢]

Figure 3f illustrates the mechanical robustness and strong ad-
hesion of ultrathin 1 nm 2D Pt films deposited onto Si/SiO,
wafer, and sapphire substrate. A tape-peel test (left panel) con-
firms excellent adhesion, with no observable delamination of the
Pt film, indicating strong bonding at both GaO,-Pt, and GaO,-
SiO, interface. Additionally, a cotton-swab wiping test (right
panel) clearly demonstrates the mechanical stability of the 2D
Pt film, as the film remains intact, whereas the portion with-
out GaO, is completely removed (Movie S1, Supporting Informa-
tion). The robustness of the 2D Pt could be also observed while
transferring the film on TEM grid as in Movie S2 (Supporting In-
formation). As in the movie, the free-standing 1 nm 2D Pt/ GaO,
film can be bent and withstand moderate strain applied with a
tweezer while immersed in deionized water. These observations
confirm that the printed GaO, layer significantly enhances the
mechanical durability of ultrathin 2D Pt films and the adhesion
to the underlying substrates.

Adv. Sci. 2025, e17427 e17427 (5 of 9)

- thebulkPtreference depositing 20 nm with the same sputtering|

4. Wetting Mechanism of Pt on Printed GaO,

The wetting behavior of Pt highly relies on the chemistry of|
the underlying GaO,. As-printed GaO, has metallic Ga inclusion
with high density of oxygen-vacancies. Mild annealing at 80 °C
for 24 h removes most metal Ga but preserves a high density
of oxygen-vacancies. After 800 °C crystallization step the surface
becomes more stoichiometric beta-gallium oxide (f-Ga,0;) with
few vacancies. The spreading coefficients S for different initial
state of GaO, with the SiO, as a reference are calculated sequen-
tially adding three contributions: (i) surface and interfacial dis-
persion, (ii) oxygen-vacancy chemisorption of Pt on Ga’* sites
(Pt-O-Ga bonds) and (iii) alloy anchoring (Pt-Ga interlayer, re-
active wetting) (Note S1, Supporting Information). Calculation
shows that with the only contribution (i) or even adding (ii), S
remained negative (S < 0), indicating that the Pt metals prefer
isolated particle formation rather than a continuous film. Adding
contribution (iii) ultimately switched S to positive for as-printed
GaO,, demonstrating that formation of an interfacial metal-alloy|
anchor markedly improves wetting and enables thin-film growth
sufficiently for a continuous film at only 0.3 nm which well
matches with the experimental data discussed in Figures 2 and 3.

To further investigate the wetting mechanism, S for three other
noble metals (Pd, gold (Au), and silver (Ag)) are also investigated
along with the Pt, all fabricated on as-printed GaO, with the same
deposition conditions (Note S2, Supporting Information). Simi-
larly, adding contribution (iii) switched S to positive for Pt and
Pd, matching with the experimental results (Figure S6, Support-
ing Information).

5. Hydrogen Evolution Reaction (HER) Using 2D Pt

Figure 4a illustrates the elemental reconstruction of 1 nm 2D
Pt electrode after long-term 100 h HER reaction, with cross-
sectional STEM-EDS map. Strong negative potential applied to
the working electrode in 0.5 M H,SO, induces etching of ex-
posed GaO,, and unexposed GaO, reduced back to Ga metal
(Ga** + 3e” = Ga(s) at —0.56 V).[¥’] Ga atoms diffuse upward
and intermix with the 2D Pt, forming an ultrathin interfacial
Pt-Ga alloy layer!?®! as confirmed by the elemental analysis us-
ing XPS (Figure S7, Supporting Information). This interfacial al-
loying slightly perturbs the Pt 5d electronic structure, enhanc-
ing interfacial adhesion and stability without inducing dewet-
ting or loss of electrocatalytically active Pt sites. High-resolution
HAADEF-STEM images (Figure 4b) of the 1 nm 2D Pt sample af-
ter 100 h HER show a more percolated network which initially
showed 87.6 % coverage (left), to 92.6 % without any dewetting—
induced coarsening (right) (Figure S8, Supporting Information).
Immersing the 2D Pt electrode in 0.5 M H, SO, for 100 h under
open-circuit conditions produced only a slight increase in sheet
resistance, demonstrating its intrinsic chemical stability (Figure
S9, Supporting Information).

Linear sweep voltage (LSV) curve for HER with current densi-
ties normalized with the electrochemical surface area (Jpcg,) are
plotted for 0.5 and 1 nm 2D Pt films, both initially and after 100 h
of HER operation, together with a bulk Pt as a reference (LSV|
with geometric area, mass activity and Nyquist plot in Figures
S10 and S11, Supporting Information). The 2D Pt samples and
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Figure 4. Hydrogen evolution reaction (HER) using 2D Pt. a) Schematic images of cross-sections (top) and corresponding cross-sectional STEM-EDS|
maps (bottom) of 1 nm 2D Pt film before and after 100 h HER in 0.5 M H,SO,. b) Top-view STEM images of the same 1 nm 2D Pt film before and after|
the HER. c¢) ECSA-normalized current density versus potential plotted LSV curve for 0.5 nm and 1 nm 2D Pt before and after 100 h, compared with a
bulk Pt as a reference. d) Tafel plots for each sample. e) Overpotential comparison of each sample at 10 mA cm™2 (1750), and 100 mA cm™2 (17100)- f)
Long-term chronopotentiometry at a geometric current density of 1A cm=2 in 0.5 M H,SO,. g) HER of 1 nm 2D Pt on various substrates (on Si/SiO,

wafer, Polyethylene terephthalate (PET), and indium-tin-oxide (ITO)).

condition were prepared on glassy carbon as a back-substrate to
reduce the lateral resistance. The 2D Pt exhibit comparable cur-
rents with the bulk Pt even slightly exceeding with 1 nm 2D Pt
after 100 h. In addition to the general activation process of the
Pt surface,??! the reconstruction of Pt atoms,?%-32! alloying with
Ga,!%8] etching of insulating GaO,,3*! and reduction of GaO, back
to metallic Ga are all likely the causes of this.

Tafel plots (Figure 4d) and overpotential value (Figure 4e)
clearly indicate the change for 0.5 and 1 nm 2D Pt before and
after the 100 h durability test. The initial Tafel slope for 0. and
1 nm 2D Pt showed 53.4 and 54.4 mV dec™!, respectively, slightly
lower than bulk Pt reference (45.0 mV dec™!). After 100 h reac-
tion, the slope changed to 52.3 and 44.0 mV dec™!, which 1 nm

2D Pt slightly exceeding the bulk Pt reference. The overpotential

at current density 10 mA (17,,) drops from 55.5 to 49.7 mV for the
0.5 nm Pt film and from 56.5 to 52.5 mV for the 1 nm Pt film
after 100 h HER. Both values surpass the 57.3 mV bulk Pt ref-
erence, emphasizing that atomic layer thin catalysts can meet or
exceed the intrinsic catalytic kinetics of their thick-film counter-
parts. The overpotential at 100 mA (#,,), which is often regarded
as an industrial benchmark, shows 139.3 mV for 1 nm 2D Pt after
100 h, comparable with the bulk reference.
Chronopotentiometry recorded at the geometric current den-
Sity (Jyeo) Of 1 A cm™ more than 100 h demonstrates outstand-
ing operational robustness (Figure 4f). The 1 nm and 0.5 nm
2D Pt initially show an improvement of potential, matching with
the previously discussed results. Whereas identically sputtered Pt

layers directly on glassy carbon delaminate within the first few
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ours for all samples. The result highlights the crucial role of the
GaO, wetting/anchoring layer in preventing film dewetting and
sustaining catalytic activity under vigorous gas evolution.

Figure 4g demonstrates the HER of 1 nm 2D Pt on various
substrates, including on Si/SiO, wafer (LSV in Figure S12, Sup-
porting Information), polyethylene terephthalate (PET), and ITO.
Note that the Si/SiO, wafer and PET substrate are electrically in-
sulating (350 nm-thick SiO,), so electron transport for HER oc-
curs exclusively through the ultrathin 2D Pt film. Consequently,
HER activity is highest near the electrode contact region and
gradually decreases with distance, due to potential drops along
the high sheet resistance of the 2D Pt. This behavior, also seen
in Figure 4g and Figure S9 (Supporting Information), highlights
the importance of contact engineering when employing insulat-
ing supports. Due to its thin nature, the 2D Pt on PET could
be deformed by heating above the glass-transition temperature
(~100 °C) of the PET without losing electrical percolation with
modest increase in sheet resistance (754.1 to 1648.5 Q sq7?),
while preserving HER activity. The representative transparent
conductive oxide ITO could be tuned to show HER by coating the
2D Pt@GaO, on the surface with minor transparency decrease,
for viewing the H, bubble dynamics (Movie S3, Supporting In-
formation).

6. Conclusion

This study demonstrates that the non-stoichiometric, metallic
GaO, adhesion layer enables the formation of continuous, ultra-
thin 2D Pt. Spontaneous Pt-Ga alloy anchoring, combined with
oxygen vacancy-assisted chemisorption, yields electronically per-
colating, optically transparent, and mechanically robust 2D Pt,
capable of withstanding bending, tape-peel, swabbing, and even
free-standing in water. These properties are retained even after
high-temperature annealing and under harsh HER operations
that typically degrade sputtered metals.

Under cathodic bias, GaO, reduces and alloys, smoothing the
film, enhancing utilization, and lowering both Tafel slopes and
overpotential. A 1 nm film slightly outperforms bulk Pt while us-
ing a fraction of the precious metal, sustaining 1 A cm~2 for over
100 h without degradation.

As the wetting, and thermal stability mechanism is governed
by a metal-rich, vacancy-rich template with the chemistry of
metal, the strategy should extend to other scarce metals (irid-
ium (Ir), ruthenium (Ru)) and bimetallic catalysts, enabling ul-
trathin, flexible, transparent conductors that unite high conduc-
tivity with mechanical resilience. Thus, GaO, functions here as
a transient, self-regulating interlayer that maximizes atom effi-
ciency, enabling scalable path to cost-effective, large-area catalytic
and optoelectronic platforms.

7. Experimental Section

Materials:  Gallium (Ga, 99.999%) was purchased from In-
dium Corp, platinum (Pt, 99.99%), and palladium (Pd, 99.99%)
metal targets were from AJA International. Silicon (Si) wafers,
and sapphire wafers are purchased from University Wafer. Potas-
sium chloride (KCl, > 99.0%) was from Sigma-Aldrich. Poly-

crylic acid (PAA, 450k), poly(methyl methacrylate) (PMMA

350Kk) polymers which were used for the substrates were from
Sigma-Aldrich. Indium tin oxide (ITO, R< = 14 ohm sq7!,
115 nm) was from Welljoin. Polyethylene terephthalate (PET)
was from CalPalmy. Molybdenum (Mo) slot transmission elec-
tron microscope (TEM) grid Ted Pella, Polishing supplies Allied.
Isopropanol, and acetone (99.5%) solvents were from Avantor
VWR. Sulfuric acid (H,SO,) 2.0 N in aqueous solution was from
Avantor VWR and used after diluting. Electrochemical three elec-
trode cell setup including the counter carbon rod electrode, ref-
erence silver/silver chloride (Ag/AgCl) electrodes are purchased
from Stonylabs. The Sigradur G Glassy (Vitreous) Carbon Plate
were from SPI supplies.

Dewetting-Induced Gallium Oxide (GaO, ) Printing: 'The print-
ing setup and conditions were established based on a previously
reported paper.['®l The printer head was fabricated by attaching
two glass slides with a 1 mm gap. Ga metal sources were prepared
by melting pellets at ~60 °C and injecting it into the printer head.
The printer head containing the liquid Ga was then brought close
to the target substrate until the liquid Ga meniscus contacted
the substrate. Printing was performed by translating either the
printer head or the substrate at the desired speed.

All substrates, including silicon wafers, c-plane sapphire, and
various polymers, were solvent-cleaned sequentially with ace-
tone, isopropyl alcohol (IPA), and deionized (DI) water prior to
use.

Facile Method to Fabricate 2D Pt:  GaO, samples were printed
on a target substrate. As-printed GaO, sample was stored inside
an argon (Ar)-filled glove box immediately after printing, to min-
imize the oxidation. 80 °C, 24 h annealed GaO, were prepared
in advance and simultaneously deposited the metal with the as-
printed GaO,. The metal deposition was carried out using direct
current (DC) magnetron sputtering (AJA Model ATC Orion 5)
at a rate of 0.5 A s™' and a working pressure of 3 x 10~ Torr,
with 12 sccm of Ar gas continuously purged into the chamber.
Prior to deposition, the chamber was pumped down to a base
pressure below 3 x 10~ Torr. During deposition, the stage was
rotated without applying additional heating. The thickness values|
reported in this work were estimated using a quartz crystal mi-
crobalance (QCM) inside the sputtering chamber and validated
by cross-sectional TEM measurements.

GaO, Transfer Method for TEM Characterization: The 2D Pt
deposited oxide was transferred by introducing a polymer sacrifi-
cial layer.®* The GaO, was printed onto a water-soluble PAA film.
The PAA substrate was prepared by spin-coating a 10 wt.% PAA
solution in DI water onto a glass slide at 3000 rpm, followed by|
annealing at 80 °C for 1 h. After Pt deposition, the entire sample
was immersed in DI water to dissolve the PAA layer. Upon disso-
lution of the PAA, the free-standing 2D Pt/GaO, film floated to
the surface of the water. The floating 2D Pt/GaO, film was then
gently scooped using a TEM grid (Movie S2, Supporting Informa-
tion). The DI water was allowed to evaporate at room temperature
for 24 h. To improve adhesion and remove surface contaminants,
the transferred sample on the TEM grid was further annealed at
70 °C for 2 h in a vacuum oven right before TEM characterization.

Three-Electrode Cell Setup for Hydrogen Evolution Reaction
(HER) Test: HER measurements were performed using a
three-electrode cell setup. The reference electrode was an
Ag/AgCl electrode prepared with saturated KCI solution. A car-

bon rod served as the counter electrode to prevent Pt redeposi-
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tion onto the working electrode.l*”T The working electrode, 2D
Pt, was directly fabricated on a flat glassy carbon substrate. Elec-
trochemical tests were carried out in 0.5 M H,SO, electrolyte at
room temperature (=25 °C). Electrochemical surface area (ECSA)
of the samples was estimated by measuring the cyclic voltamme-
try (CV) curves at various scan rates in a non-Faradaic potential
window.*®l The double-layer capacitance (C) was determined
from the slope of the linear fit of the capacitive current versus
scan rate plot, with a specific capacitance value (C,) of a smooth
poly-Pt surface (35 uF cm~2).37] The cell did not include any stir-
ring or gas purging system to avoid disturbance of the ultrathin
Pt films; however, electrochemical impedance spectroscopy (EIS)
analysis (Figure S11, Supporting Information) confirmed negli-
gible mass transport resistance under these conditions.

Characterization: 'This work was carried out in part using
MIT.nano facilities. Scanning transmission electron microscopy
(STEM) and TEM imaging were performed using a Themis Z
G3 Cs-corrected S/TEM and a Talos F200i TEM at MIT.nano, MA,
USA. Cross-sectional TEM specimens were prepared by mechan-
ical polishing (Multiprep, Allied) followed by ion milling (Fis-
chione 1051 TEM mill)[*®! to avoid Ga-beam damage commonly
observed with focused ion beam (FIB) preparation.*?) Sheet re-
sistance was measured using a four-point probe system (Jandel
Model RM3-AR). Optical transmittance of the samples was mea-
sured with a UV-vis spectrophotometer (PerkinElmer Lambda
1050) after subtracting the transmittance of the quartz substrate.
Chemical composition and electronic binding states were an-
alyzed using X-ray photoelectron spectroscopy (XPS, PHI Ver-
saProbe II X-ray Photoelectron Spectrometer). Electrochemical
data were collected and analyzed with EC-Lab software. Pt cover-
age measuring is done by Image] software.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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