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ABSTRACT: The development of renewable energy schemes requires the scalable production of highly robust electrocatalysts using a sus-
tainable synthesis process that does not generate toxic liquid wastes. Here, an industrial laser system is utilized to prepare electrocatalysts in a
continuous fashion using a laser-induced forward transfer (LIFT) method without generating liquid wastes. This dry processing method at
room temperature and under ambient pressure enables the production of well-dispersed Pt, Ru, and Ni nanoparticles (NPs) supported on a
few-layer graphene carbon framework. This versatile LIFT procedure allows for the efficient deposition of binder-free Pt, Ru, and Ni NPs
onto flexible polyimide films and glass surfaces at a rate of 400 mm/s. The size and quantity of the spherical NPs present on the conductive
carbon surface can be tuned by adjusting the LIFT parameters such as the laser power, the scribing speed, and the source thickness. Upon
increasing the laser power, the Pt NPs size decreases, and the amount of Pt in the LIFT-derived materials increases. A second laser treatment
can further modulate the hydrophilicity and solvent accessibility of graphene-supported Pt NPs. Our results demonstrate that the binder-free
Pt, Ru, and Ni NPs supported on few-layer graphene generated using LIFT can serve as practical, active, and robust electrocatalysts for water

splitting reactions in advanced electrolyzer technology.

Introduction

Renewable energy technology holds the promise of a sustainable
future. To enable efficient electrochemical conversion and utiliza-
tion systems, advances in the design and preparation scheme of
catalysts are necessary. Current polymer electrolyte membrane
(PEM) electrolyzer technology relies on precious metals such as Pt,
Rh, and Ir as catalysts.! Despite the scarcity of these precious metals
and hence their associated high cost, Pt-group nanoparticles (NPs)
are the state-of-the-art electrocatalysts for hydrogen evolution reac-
tion (HER) occurring at the cathode of acidic electrolyzers, and
transition metal NPs are used as electrocatalysts for oxygen evolu-
tion reaction (OER) at the anode of alkaline electrolyzers.”* Much
research effort and resources have been invested into lowering the
production costs of precious-metal-based catalysts.>

Reducing the size of precious metal NPs is a strategy to
achieve higher specific activity.” By reducing the amount of bulk Pt
atoms that are not electrocatalytically active,® more surface Pt at-
oms can engage in interfacial catalysis.” Despite having a high atom
utilization efficiency, these precious metal catalysts can be deac-
tivated through sintering or aggregation during operation.” There-
fore, in addition to exhibiting a high surface-to-volume ratio, NPs
need to be stable during catalytic processes for practical uses."
Thus, new catalyst preparation strategies are needed to generate
NPs that are both robust and small (in the 1-S nm range)."*

Apart from maximizing the activity and stability of the elec-
trocatalysts, the environmental cost incurred during the synthesis
process of these nanoparticle catalysts need to be considered.”
Liquid toxic waste could be generated during the wet chemical
processing steps, thereby rendering downstream post-production
waste treatment cost to be higher than desirable.’® Some of the
synthesis steps may not be scalable and not compatible with a con-
tinuous flow or batch process typically used in an industrial
setting.”" From a life cycle standpoint, protocols that require wet
chemicals, multiple steps, or ultra-high vacuum are not as environ-
mentally friendly relative to a one-step dry process. Taking together
the main points addressed above, the impediments to generating
metal NPs as electrocatalysts for electrolyzers are: (1) low durabil-
ity, (2) limited scalability, and (3) waste generation.

Here, we adapted a laser-based industrial technique to ad-
dress the three above-mentioned issues related to preparing elec-
trocatalysts. Lasers have been utilized to generate catalysts via laser
ablation,” direct laser scribing,”** laser pyrolysis,® laser-induced

33% and pulsed laser deposition or dewetting;*>

graphene processes,
¥ some of these methods require the use of liquid solvents, vacuum
chambers, or high temperatures. An alternative laser-induced for-
ward transfer (LIFT) process can serve as a one-step dry technique
to generate carbon-supported metal electrocatalysts at room tem-
perature and atmospheric pressure in a matter of seconds in a green
manner.*”* 1064 nm laser has previously been used to turn polyi-
mide (PI) film into a Janus graphene membrane in a one-step fash-
ion for seawater desalination.* A wearable sweat sensor has been



developed using graphene prepared using the laser-induced gra-
phene method.* By taking advantage of the conductivity and po-
rosity of the LIFT-generated graphene network, a binder-free su-
percapacitor has been developed.” This low-cost LIFT method
does not require an ultra-high vacuum chamber nor a high-
temperature quartz tube furnace.”’ In addition to zero liquid waste
being generated during the LIFT process,* this technique could
potentially be scaled up for industrial applications by incorporating
into a continuous printing or extrusion-based system.* In this re-
port, finely-dispersed surfactant-free Pt NPs supported on a few-
layer graphene carbon matrix are generated using the one-step
LIFT technique as active and robust HER electrocatalysts (Figure 1).
By tuning LIFT parameters and conditions, Pt NPs with optimized
HER activity, durability, and cost are generated on flexible sub-
strate for wearables or on hard surfaces for stationary applications.
This LIFT technique was further extended to prepare Ru NPs as OER
electrocatalysts. In addition to precious metal catalysts, this laser-
assisted method can be applied to generate non-precious metal (NPM)
Ni NPs as OER materials for use in advanced electrolyzer technolo-

gy-.

Figure 1. Using laser-induced forward transfer (LIFT) to pre-

pare surfactant-free metal (Pt, Ru, or Ni) nanoparticles sup-
ported on a few-layer graphene carbon framework and distrib-
uted uniformly across a substrate. The substrate can be a flexible
polyimide (PI) film or a rigid unmodified glass surface.

Experimental Section

Materials and Methods. Unless otherwise stated, all chemicals were
purchased from commercial sources and used as received. Aqueous
solutions were prepared using Milli-Q purified water (>18 MQ cm)
following published protocols.***> Experiments at pH 0, 1, and 13
were performed in 1 M and 100 mM HClO4 (70 wt% ACS reagent
grade, Sigma-Aldrich) and in 100 mM KOH (analytical grade,
Dieckmann Chemical) diluted with Milli-Q water, respectively.
Solutions were sparged with N2 (99.995% high purity grade, Linde
HKO) for 30 min prior to each experiment following published
methods.>**

Laser-induced Forward Transfer (LIFT) Process. A DMG Lasertec
40 system equipped with a Nd:YAG 1064 nm laser operating in
continuous wave (CW) mode was used for all additive manufactur-
ing, LIFT, and scribing processes. The size and pattern of the LIFT
process was pre-designed digitally and controlled by an associated
computer program. Unmodified microscope glass slides (76 mm in
length x 26 mm in width x 1 mm in thickness, Paul Marienfeld
GmbH & Co. KG) or polyimide (PI) film (SO pym thick, Shenzhen

Ze Sheng Electronic) was used as the substrate. An initial laser
treatment step with a scribing speed of 400 mm/s and a laser power
of 3 W was performed when electrically-insulating PI film was used
as the substrate to generate a hydrophilic surface on the side irradi-
ated by the laser beam and a hydrophobic surface on the backside
of the PI film. The laser-treated electrically-conductive PI film was
flipped over with the hydrophobic side facing upwards. Conductivi-
ty was measured using AC impedance and a multimeter. A layer of
Pt (thickness ~ 2 nm, 5 nm, or 10 nm), Ru (thickness ~ S nm), or
Ni (thickness = 5 nm) on a PI film was used as the LIFT source
with the Pt, Ru, or Ni side facing down, respectively. The source
was placed on top of the laser-treated PI film or an unmodified
glass slide. LIFT was conducted using a scribing speed between 300
mm/s and 800 mm/s with a laser power of 2 W, 3 W, or 4 W. The
as-prepared LIFT-generated hydrophobic material was converted
into a hydrophilic surface via a post-LIFT laser scribing step by
using a scribing speed of 800 mm/s with a laser power of 0.7 W
following a published procedure.**

Materials Characterization Methods. Transmission election mi-
croscopy (TEM) was conducted using a FEI Tecnai G2 20 S-
TWIN scanning transmission electron microscope. Energy disper-
sive X-ray spectrometry (EDS) was performed using a JEOL model
JEM-2010 transmission electron microscope. Scanning electron
microscopy (SEM) was done using a Tescan MAIA3 field emission
scanning electron microscope, and the images were analyzed fol-
lowing a published method.*® X-ray photoemission spectroscopy
(XPS) was conducted using a2 Thermo Scientific ESCALAB XI* X-
ray photoelectron spectrometer microprobe, and the data was ana-
lyzed following a published protocol.” LIFT NPs were digested
using the following 3-stage microwave digestion procedure with a
CEM MARS microwave digestion system in 3:1 HCl: HNO; acidic
solution.

Stage  Power Ramp  Pressure = Temp. Hold
W) (min) (Ps) (°C)  (min)
1 280 2 70 120 S
2 280 2 80 150 15
3 Cool down (~ 30 min)

The amount of metal in the LIFT NPs was subsequently quantified
using an Agilent Technologies 7700 ICP-MS. The X-ray diffraction
(XRD) measurement was collected using a Rigaku SmartLab high-
resolution X-ray diffractometer. BET measurements were recorded
using a Micromeritics ASAP-2020 accelerated surface area and
porosimetry system. Polydispersity index (PDI) of NPs was calcu-
lated using Eq. (1)

PDI for Nanoparticles = (w )2 Eq. (1)

Mean Diameter

General Method for Ink Preparation. Inks were prepared following
published protocols.* Finely ground 10 wt% Pt on Vulcan XC-72
(3.6 mg) was suspended and sonicated in EtOH (1 mL) for 20 min.
The well-dispersed Pt/C slurry was treated with Nafion perfluori-
nated resin solution (4 pL, S wt% in alcohols with 15-20% water,
Sigma-Aldrich). The resulting mixture was further sonicated for 10
min. This ink (10 pL) was then deposited on a glassy carbon (GC)
electrode (A = 0.196 cm? Pine Instruments) or a laser-treated PI
film (A = 1 cm?), which was dried under a stream of Na.



Electrochemical Experiments. Electrochemical studies were carried
out using a CH Instruments 760E Electrochemical Workstation at
room temperature following published procedures.”> ¢ Experi-
ments were performed in a three-compartment cell with an aque-
ous “no-leak” Ag/AgCl (3 M KCl, ESA Inc.) reference electrode
separated from the working electrode by a Luggin capillary as de-
scribed previously.®” Electrochemical potentials are reported rela-
tive to the reversible hydrogen electrode (RHE) using a published
protocol.®® A Pt mesh counter electrode was separated from the
working electrode by a glass frit. iR compensation was conducted
by measuring the solution resistance using electrochemical imped-

ance spectroscopy (EIS) via a Bio-logic SP-150 potentiostat.**

Figure 2. (a) Transmission electron microscope images, (b)

scanning electron microscope images, and (c) elemental map-
ping of Pt NPs supported on carbon prepared using LIFT with a
source thickness of 5 nm, a scribing speed of 400 mm/s, and a
laser power of 3 W.

RESULTS AND DISCUSSIONS

1. Physical Characterization of Pt Nanoparticles (NPs) Prepared
using a Laser-induced Forward Transfer (LIFT) Process. An indus-
trial grade 1064 nm laser was used to generate carbon materials
containing various amounts of Pt on unmodified rigid glass slides
or flexible PI films via a laser induced forward transfer (LIFT) pro-
cess. The resulting Pt/C construct was characterized using various
physical and chemical methods. X-ray powder diffraction (XRD)
was used to examine the LIFT-generated Pt/C construct on glass.
XRD data show that the LIFT-generated material exhibits a diffrac-
tion pattern similar to polycrystalline Pt (Figure S1). As the power
of the 1064 nm laser is increased from 2 W to 4 W, the XRD signal
of the resultant Pt material decreases. As the thickness of the Pt
source is decreased from 10 nm to 2 nm, the XRD signal of the
resultant Pt material also decreases. A change in XRD signal could
be due to a change in crystallinity, particle size, or the amount of Pt
present; these possible changes will be explored further in following
sections. These XRD data suggest that polycrystalline Pt structures
can be generated and transferred from a Pt layer on PI to an un-
modified glass surface via the LIFT process.

Transmission electron microscopy (TEM) was utilized to ex-
amine the size and shape of the Pt/C construct generated by the
LIFT process. Figure 2a show that the LIFT construct contains
spherical NPs and the diameter of these spherical NPs was 2.2 + 0.4
nm with a polydispersity of 0.04. Analysis of the TEM images in
Figures S2-6 show that the shape of the NPs is not affected by the
laser power or the Pt source thickness. Tables S1-2 shows the effect
of laser power and Pt source thickness on the size of the NPs. As
the laser power increases or the Pt source thickness decreases, the
size of the resulting NPs decreases (Figure 3). Scanning electron
microscope (SEM) images show that the overall morphology of the
Pt/C material is similar regardless of the laser power used and the
Pt source thickness (Figures 2b and S7). Energy dispersive X-ray
spectroscopy (EDS) was utilized to identify the chemical composi-
tion of the LIFT-generated material. Figure S8 shows that the
LIFT-generated material contains Pt and C. Elemental mapping
was conducted to determine the degree of aggregation of the Pt
NPs. Areal scans using TEM-EDS show that Pt NPs are well-
dispersed on the carbon support (Figure 2c).

Next, the Pt content in the LIFT-made carbon structure with
well-dispersed Pt NPs was quantified using X-ray photoelectron
spectroscopy (XPS, Figures 4a-e). Figure S9 and Tables $3-7 show
the elemental analysis result. The XPS results show that the Pt NPs
supported on carbon produced using LIFT contains 4.60 wt% Pt,
77.35 wt% C, 15.83 wt% O, and 2.22 wt% N (Table S4). The
amount of Pt in the LIFT material increases as the laser power in-
creases (Figure 4f) and as the source thickness increases (Figure
S9). Pt was found to exist predominately as Pt in the LIFT-
generated construct (Figure 4b).%® The presence of Pt oxides does
not affect HER activity because during electrocatalysis Pt oxides
will be reduced to Pt in situ within the potential window used.*
Figure 4c shows that the LIFT material contains C in the forms of
sp% C-N, and C=0." Figure 4d shows that the LIFT materials con-
tain pyridinic, pyrrolic, and graphitic N.*® These N features were
previously implicated to contribute to the overall performance of
electrocatalysts by serving as anchoring sites for NPs.”” Various O
species were observed in the LIFT material (Figure 4e).” The car-
bon matrix was previously observed to contain few-layer graphene
features using Raman spectroscopy.** The porosity of the carbon
structure was deduced using the BET gas adsorption-desorption
method. The internal surface area of the graphene-supported Pt
NPs material prepared using LIFT was found to be 170 m*/g (Fig-
ure S10). The conductivity of LIFT Pt NPs and 10 wt% Pt on Vul-
can were comparable (Table S8). Taken together, these well-
dispersed Pt NPs on a conductive porous few-layer graphene sup-
port with unique N features could be beneficial for electrocatalysis.

2. Electrocatalytic Activity of Pt NPs Prepared using a LIFT Pro-
cess. The electrocatalytic activity of the graphene-supported Pt
NPs structure on PI is investigated. Pt is the material of choice for
electrocatalytic hydrogen evolution reaction (HER) in electrolyz-
ers.”” Figures S and S11-18 show the linear sweep voltammo-
grams (LSVs) of HER catalyzed using various catalysts in both
acidic and basic conditions. LIFT-generated graphene-supported
Pt NPs exhibits a HER onset potential of about 0 V vs. RHE at pH
0 and 13 (Figures Sa, S11, and S12), similar to state-of-the-art Pt
nanoparticle HER catalysts.” 72 LIFT Pt NPs display higher HER
mass and specific activities than commercial 10 wt% Pt on Vulcan
XC-72 (Figures Sa, S13, S14). Control experiments with LIFT-
generated graphene on PI without Pt show poor HER performance
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Figure 3. Particle size distribution of Pt NPs supported on carbon prepared using LIFT with (left) the laser power varying between 2 W to 4 W,

(middle) the Pt source thickness varying between 2 nm to 10 nm, and (right) the scribing speed varying between 300 mm/s and 800 mm/s. **:

P <0.01,*: P < 0.05, ns: not significant.

(Figures Sa, S11, and S12: black lines), suggesting that the source
of the HER activity of LIFT-generated graphene materials is from
the well-dispersed Pt NPs. The graphene structure serves as a con-
ductive matrix to supply electrons to the Pt NP active sites. Taken
together, these results suggest that the LIFT-generated graphene-
supported Pt NPs exhibit HER activity similar to state-of-the-art
Pt-based electrocatalysts (Figures Sa, $13-S15).97

3. Factors Affecting the Performance of Pt NPs Prepared using a
LIFT Process.

3.1. Thickness of Pt Layer on PI Source. To better under-stand the
feature-performance relationship of these LIFT-generated Pt NPs,
various parameters of the LIFT process are tuned to modulate the
properties of the surfactant-free Pt NPs. Figure S17 shows the LSVs
of HER catalyzed by Pt NPs prepared using different thicknesses of
Pt layer on PI source used in the LIFT process. The results show
that as the Pt source thickness increases from 2 nm to 5 nm, the
HER activity increases. The increase in HER activity is likely due to
the increase in the Pt content in the LIFT-generated materials.
Upon using a 10 nm thick Pt source, the resulting Pt NPs exhibit
HER activities similar to those Pt NPs generated using a S nm thick
Pt source (Figure S17). This lack of a further increase in HER activ-
ity upon using a thicker Pt source is likely because the positive ef-
fect of increased Pt content is compensated by the negative effect of
decreased surface-to-volume ratio. As the 5 nm thick Pt source uses
less Pt and thus costs less relative to a 10 nm thick Pt source, the §
nm thick Pt source is determined to exhibit the highest price-
performance ratio among the various Pt on PI sources tested.
These results suggest that the thickness of the Pt layer on the PI
source can be used a means to optimize the size of the resulting Pt
NPs embedded in the few-layer graphene matrix, thereby enhanc-
ing the resulting HER performance.

3.2. Laser Power. In addition to changing the thickness of the
source, the laser power used in the LIFT process can also be adjust-
ed to modulate the HER activity of the resulting Pt NPs. Since
LIFT-generated Pt NPs using a ~5 nm thick Pt source has the best
HER performance and cost-effectiveness, all subsequent optimiza-
tion steps will be performed using a 5 nm thick Pt source. By in-
creasing the laser power from 2 W to 3 W, the HER activity in-
creases (Figures Sa and S14). The increase in activity likely stems

from the increase in Pt content in the LIFT-generated material as
evidenced by the increase in Pt wt% measured using XPS (Figure 4f
and Tables S3-5). Upon increasing the laser power further to 4 W,
the HER activity decreases (Figures Sa and S14). In short, the
power of the 1064 nm laser plays an important role in determining
the size and quantity of Pt NPs embedded in the few-layer gra-
phene matrix. These results show that the electrochemical perfor-
mance of the LIFT-generated Pt NPs can be optimized by tuning
the LIFT parameters.

3.3. Laser Scribing Speed. To further explore the tunability of this
laser-assisted nanomaterial preparation technique to make func-
tional NPs, the scribing speed of the LIFT process was varied in an
effort to modulate the irradiation dosage per unit area at a given
time period. Figures S19-23 show the TEM images of Pt NPs made
using LIFT at different scribing speeds. Particle size distribution
analyses show that the size of the Pt NPs decreases as the scribing
speed increases (Table S9). Table S10 quantifies the amount of Pt
present in the LIFT NPs using XPS. As the scribing speed increases,
the weight % of Pt in the LIFT NPs decreases. Taken together, the
results from these two sets of experiments suggest that the size and
amount of Pt in LIFT NPs can be tuned by changing the scribing
speed, which is orthogonal to the other two LIFT parameters pre-
sented in 3.1 and 3.2.

3.4. Surface Hydrophilicity. Surface properties play a key role in
determining the activity of electrocatalysts. The surface of the as-
prepared LIFT material is hydrophobic.** A laser-based post-
treatment was used to convert the hydrophobic surface into a hy-
drophilic surface.* Here, a similar post-LIFT laser treatment was
adapted to convert the as-prepared Pt NPs supported on a hydro-
phobic carbon support into a hydrophilic one. The HER activity of
the hydrophobic and hydrophilic Pt NPs electrocatalysts were as-
sessed. Figure S24 shows that Pt NPs on a hydrophilic carbon sup-
port exhibits higher HER activity relative to its hydrophobic coun-
terpart. This observation is likely due to the better wettability of the
hydrophilic surface in aqueous solution, thereby boosting the ac-
cessibility of Pt NPs to H* in solution. This result demonstrates
that by maximizing the number of Pt NPs in contact with solution,
the electrocatalytic activity of LIFT-generated Pt NPs can be en-
hanced.
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Figure 4. X-ray photoelectron spectroscopy (XPS) chemical composition analysis of Pt nanoparticles supported on carbon prepared using LIFT
with a laser power of 3 W. (a) XPS survey spectrum of LIFT Pt/C. High-resolution XPS (b) Pt 4f, (c) C 1s, (d) N 1s, and (e) O 1s spectra of
LIFT Pt/C. Gray = measured XPS spectra, blue/red/turquoise = individual fit components, black = cumulative sum of individual fit compo-
nents. (f) XPS elemental analysis of Pt/C prepared using LIFT with the laser power varying between 2 W to 4 W.

4. Durability of Pt NPs Prepared using a LIFT Process. Pt NPs
produced using a LIFT process with a S nm thick Pt source, a laser
power of 3 W, a scribing speed of 400 mm/s, and a post-LIFT laser
treatment to generate a hydrophilic surface exhibit the highest
HER activity among the conditions tested. To examine if the Pt
NPs catalysts are suitable for practical uses, the robustness of the
graphene-supported Pt NPs catalyst is monitored. Two types of
long-term stability tests were conducted. First, the potential at
which the catalyst can sustain a reductive current density of $
mA/cm’ was monitored as a function of time. The chronopotenti-
ometry data shown in Figure S25 demonstrates that the Pt NPs
catalyst is stable for 24 hours in pH 0. At pH 13, the Pt NPs on
graphene on PI exhibits a decrease in HER activity after 6 hours of
operation because the PI substrate decomposes under basic condi-
tions. The observation of the long lifetime of the catalyst at pH 0
could be explained by the presence of the few-layer graphene car-

bon framework that could serve as anchoring sites for the Pt NPs to
prevent agglomeration.

A second long-term ON-OFF-ON cycling test was conduct-
ed in pH 0 (Figures Sb and S26). In the first ON cycle, the Pt NPs
catalyst was first cycled between +0.424 and -1.376 V vs. RHE for
2912 times at a scan rate of 100 mV/s. The Pt NPs catalyst was
then soaked in the pH 0 solution for 10 hours under open circuit
potential condition to simulate an idling period. The same Pt NPs
catalyst was further subjected to another 2912 cycles in the second
ON cycle. Minimal decrease in HER activity was observed after the
whole accelerated durability measurement, suggesting that the Pt
NPs catalyst is stable at pH O under industry-relevant operating
conditions. These results corroborate that Pt NPs supported on
graphene generated using LIFT is more stable than state-of-the-art
Pt electrocatalysts prepared using other methods under HER oper-

ating conditions.*®”"7*
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Figure 5. (a) Specific HER activity of Pt nanoparticles supported
on carbon prepared using LIFT with a source thickness of 5 nm,
a scribing speed of 400 mm/s, and a laser power of 2 W (blue), 3
W (turquoise), and 4 W (magenta), and 10 wt% commercial
Pt/C sample (red) in Na-saturated pH 0 HCIO4 (1 M) with a
scan rate of 10 mV/s. (b) Linear sweep voltammograms (LSVs)
of Pt NPs supported on carbon prepared using LIFT with a
source thickness of 5 nm, a scribing speed of 400 mm/s, and a
laser power of 3 W in Na-saturated pH 0 HCIO, (1 M) at a scan
rate of 10 mV/s before (red) and after (blue) cycling for 2912
times at a scan rate of 100 mV/s, followed by soaking for 10 h in
Ny-saturated pH 0 HClO4 (1 M) under open circuit potential
with no current passing through the working electrode, then

cycling for another 2912 times.

S. Broader Applications of the LIFT Technology.

5.1. Using LIFT to Prepare Ru NPs for Oxygen Evolution Reaction.

This one-step laser-assisted nanomaterials fabrication method was
further exploited to generate NPs that can address reactions more
complex than HER. OER electrocatalysis was chosen to be the next
target reaction. Previous studies have found that Ru is a cheaper
alternative to Ir as OER catalysts under acidic conditions.””® LIFT
was then used to prepare Ru NPs supported on few-layer graphene
using a 5 nm thick Ru source on PI, a scribing speed of 400 mm/s,
and a laser power of 3 W. Figure S27 shows the TEM image of
LIFT Ru NPs and the electrochemical performance of Ru NPs
toward OER electrocatalysis in pH 1 HClO4. LIFT Ru NPs reach 2
mA/cm* pg Ru with an OER overpotential of 214 mV, a value simi-
lar to previously reported Ru electrocatalysts.”>’® The amount of
Ru in the LIFT NPs was quantified by ICP-MS to be 0.15 ug.
These results corroborate that LIFT can be used as a new tech-
nique to prepare OER catalysts for acidic electrolyzers.

5.2. Utilizing LIFT to Prepare Non-precious Metal (NPM) Ni NPs.
In addition to preparing precious metal catalysts, the possibility of
using this room-temperature synthetic procedure to generate non-
precious metal (NPM) NPs was tested. Previous reports showed
that Ni was a candidate material with decent OER performance
under alkaline conditions. Here, Ni NPs were prepared using LIFT
with a 5 nm thick Ni substrate on P, a scribing speed of 400 mm/s,
and a laser power of 3 W. Figure S28 shows the TEM image, XPS
spectra, and LSV of LIFT Ni NPs. Composition analyses show that
these LIFT NPs contain 4.89 wt% Ni. LIFT Ni NPs exhibit an an-
odic wave at ca. 1.5 V vs. RHE, akin to the oxidation signal typically
observed in Ni OER materials.* The electrochemical activity of
LIFT Ni NPs in pH 14 KOH. LIFT Ni NPs reached an OER cur-
rent density of 1 mA/cm? with an overpotential of 269 mV, a value
similar to other reported Ni nanomaterials.** These results suggest
that LIFT can be used as a greener, cheaper, and more efficient
alternative to fabricate NPM NPs with OER activity comparable to
known Ni catalysts.

6. Benefits of Producing Electrocatalysts using the LIFT Strategy.
Unlike solution processable methods to make metal NPs where
chemical reductants and solvents have to be used and disposed of,
the LIFT process only requires a laser system that can be reused.
Unlike other physical or chemical vacuum deposition processes,
the LIFT procedure can be conducted in air under ambient condi-
tion, which drastically saves initial plant construction costs and on-
going production costs. Since no liquid waste is generated
throughout the whole LIFT procedure to produce surfactant-free
Pt, Ru, and Ni NPs supported on a few-layer graphene carbon sup-
port, this LIFT protocol is regarded as an environmental-friendly
method for electrocatalyst synthesis and is therefore highly desira-
ble by the green chemical industry. This LIFT technique can in
principle be extended to generate catalytically-active NPs contain-
ing other non-precious metals (NPM) and transition metal alloys.
Apart from using flexible PI as a substrate, rigid glass slide can also
be used to capture the LIFT-generated NPs. In addition to the
flexibility in the range of substrates that can be used, Nafion is not
needed as a binder to adhere catalysts onto a surface for activity
testing using a 3-electrode setup. This feature saves time and mon-
ey for high-throughput screening of catalysts. The acidic sulfonate
groups of Nafion might affect the catalyst’s intrinsic catalytic activi-
ty and product selectivity by binding to the surface of the catalyst of
interest. With the use of a laser system, patterning is also possible.
This maskless writing function allows for future device to be fabri-
cated with more functionality without the need to use a template. A
second laser processing step can also be incorporated to change the
hydrophobic carbon matrix into a hydrophilic carbon matrix.*
Another benefit of using the LIFT method is the potential for con-
tinuous fabrication of electrocatalyst films, which can be adapted
into a scalable industrial process.

Table 1. Tuning the size and loading of NPs to improve their cata-
lytic activity by altering various key parameters of the LIFT process.

Parameter Loading Size

© Pwew) A A v
Thickness (nm) M 0 0
Scribing Speed (mm/s) M v N2




Conclusions

Current limitations in the field of renewable energy include the
challenge in preparing electrocatalysts with (1) high durability, (2)
high scalability, and (3) low waste generation. In this report, an
industrial laser scribing machine was repurposed to prepare elec-
trocatalysts using a laser-induced forward transfer (LIFT) method
without the use of any wet chemicals under room temperature and
ambient pressure with zero liquid waste generation. Through the
use of this dry processing technique, non-aggregated Pt, Ru, or Ni
NPs in the size range of 1-5S nm were randomly dispersed onto a PI
film surface and supported on a few-layer graphene carbon matrix.
The size of NPs has been demonstrated previously to affect the
catalytic activity of NPs.””7® With a versatile and tunable LIFT
method at hand to generate surfactant-free metal NPs in a facile
manner, various parameters including source thickness, laser power,
and scribing speed were tuned to optimize the size and quantity of
the Pt NPs in an effort to maximize their catalytic activity (Table 1).
This additive LIFT technique can decouple the effect of laser pow-
er, scribing speed, and source thickness on the loading and size of
resultant NPs through repeatedly applying LIFT at the same loca-
tion to produce larger quantities of NPs without changing their
sizes. Well-dispersed Pt NPs supported on graphene produced
using a source thickness of 5 nm and a laser power of 3 W exhibit
the most active hydrogen evolution reaction (HER) catalysts
among the LIFT materials screened. This graphene-supported
catalyst contains 4.6 wt% Pt, and the diameter of the well-dispersed
spherical Pt NPs was ca. 2.2 nm. The binder-free Pt NPs supported
on carbon catalyst maintains an onset potential of -39 mV vs. RHE
even after over 5800 on-off cycles or 24 h of uninterrupted opera-
tion at a reductive current density of 5 mA/cm?® under strongly
acidic conditions. A post-LIFT laser treatment can further adjust
the hydrophobicity/hydrophilicity of the laser-scribed electrocata-
lytic materials with remarkable durability to open new doors for a
wide range of applications. This laser-assisted approach can be
extended to produce Ru and non-precious Ni NPs as OER electro-
catalysts for use in next-generation electrolyzers.
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Figure S1. X-ray diffraction (XRD) spectra of Pt nanoparticles (NPs) supported on a few-layer graphene
carbon prepared using a facile laser-induced forward transfer (LIFT) method with (a) a Pt source
thickness of 5 nm and a laser power of 2 W (red), 3 W (blue), 4 W (turquoise), and a glass substrate as the
background signal (black), and (b) a laser power of 3 W and a Pt source thickness of 2 nm (blue), 5 nm
(red), and 10 nm (turquoise). The presence of Pt oxide signal in the X-ray photoelectron spectroscopy
(XPS) results presented in Figure 4b could be because XPS is a surface sensitive technique, therefore the
surface Pt oxide signal is more pronounced than the Pt signal originating from the interior of the NPs. The
absence of Pt oxides signal in the XRD spectra in Figure S1 could be due to the amorphous nature of the
Pt oxide skin. From a performance standpoint, the presence of Pt oxides does not affect HER activity
because during electrocatalysis Pt oxides will be reduced in situ to Pt within the potential window used.
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Figure S2. (a) Transmission electron microscope (TEM) image and (b) particle size distribution analysis
of Pt NPs supported on a few-layer graphene carbon network prepared using a LIFT process with a Pt
source thickness of 5 nm, a scribing speed of 400 mm/s, and a laser power of 2 W.
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Figure S3. (a) TEM image and (b) particle size distribution analysis of Pt NPs supported on a few-layer
graphene carbon network prepared using a LIFT process with a Pt source thickness of 5 nm, a scribing
speed of 400 mm/s, and a laser power of 3 W.
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Figure S4. (a) TEM image and (b) particle size distribution analysis of Pt NPs supported on a few-layer
graphene carbon network prepared using a LIFT process with a Pt source thickness of 5 nm, a scribing
speed of 400 mm/s, and a laser power of 4 W.
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Figure S5. (a) TEM image and (b) particle size distribution analysis of Pt NPs supported on a few-layer
graphene carbon network prepared using a LIFT process with a scribing speed of 400 mm/s, a laser power
of 3 W, and a Pt source thickness of 2 nm.
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Figure S6. (a) TEM image and (b) particle size distribution analysis of Pt NPs supported on a few-layer
graphene carbon network prepared using a LIFT process with a laser power of 3 W, and a scribing speed
of 400 mm/s, and a Pt source thickness of 10 nm.
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Figure S7. Scanning electron microscope (SEM) images of Pt NPs supported on a few-layer graphene
carbon prepared using LIFT with a laser power of 3 W, a scribing speed of 400 mm/s, and a Pt source
thickness of (a) 2 nmand (b) 10 nm.

Figure S8. Energy dispersive X-ray spectroscopy (EDS) sum spectrum of Pt NPs supported on a few-
layer graphene carbon prepared using LIFT with a Pt source thickness of 5 nm, a scribing speed of 400
mm/s, and a laser power of 3 W.
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Figure S9. XPS elemental analysis of Pt/C prepared using LIFT with the source thickness varying
between 2 nm and 10 nm.
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Figure S10. (a) Gas adsorption-desorption BET isotherms and (b) pore size distribution measurements of
Pt NPs supported on a few-layer graphene carbon prepared using LIFT with a Pt source thickness of 5
nm, a scribing speed of 400 mm/s, and a laser power of 3 W.
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Figure S11. Linear sweep voltammograms (LSVs) of Pt NPs supported on carbon prepared using LIFT
with a source thickness of 5 nm and (a) a laser power of 2 W (blue), 3 W (turquoise), and 4 W (magenta),
and 10 wt% commercial Pt/C sample (red) in N.-saturated pH 0 HCIO, (1 M) with a scan rate of 10 mV/s,
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Figure S12. LSVs of Pt NPs supported on carbon prepared using LIFT with a source thickness of 5 nm, a
scribing speed of 400 mm/s, and a laser power of 2 W (blue), 3 W (turquoise), and 4 W (magenta), and
LIFT graphene without Pt (black) in N2-saturated pH 13 KOH (100 mM) with a scan rate of 10 mV/s.

S7



— pH 0 HCIO.
£ HER
& ¢
o
<
>
£ 10 F
G ——LIFT Pt
< 10% Pt/ Vulcan/ Pl
A 15
©
=

-1.5 -1.0 -0.5 0.0
Potential (V vs. RHE)

Figure S13. HER mass activity of Pt NPs supported on carbon prepared using LIFT with a source
thickness of 5 nm, a scribing speed of 400 mm/s, and a laser power of 3 W (turquoise), and 10 wt%
commercial Pt/C sample (red) in Nz-saturated pH 0 HCIO. (1 M) with a scan rate of 10 mV/s.
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Figure S14. Plot of overpotentials needed to achieve a HER specific activity of -1 mA/cm?/wt% Pt of Pt
NPs supported on carbon prepared using LIFT with a source thickness of 5 nm, a scribing speed of 400
mm/s, and a laser power of 2, 3, and 4 W, and 10 wt% commercial Pt/C sample in N.-saturated pH 0
HCIOs (1 M) with a scan rate of 10 mV/s. The results show that Pt NPs generated using LIFT with a laser
power of 3 W (with 4.6 wt% Pt) exhibits enhanced HER performance in terms of HER specific activity as
compared to that of commercial 10wt% Pt on Vulcan XC-72.
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Figure S15. Plot of overpotentials needed to achieve a HER current density of -5 mA/cm? of Pt NPs
supported on carbon prepared using LIFT with a source thickness of 5 nm, a scribing speed of 400 mm/s,
and a laser power of 2, 3, and 4 W in N-saturated pH 0 HCIO, (1 M) with a scan rate of 10 mV/s. The
results show that Pt NPs generated using LIFT with a laser power of 3 W (with 4.6 wt% Pt) exhibits HER
performance in terms of HER current density similar to that of commercial 10wt% Pt on Vulcan XC-72.
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Figure S16. LSVs of Pt NPs (1.26 ug Pt/cm?) supported on carbon prepared using LIFT with a source
thickness of 5 nm, a scribing speed of 400 mm/s, and a laser power of 3 W in Np-saturated (black) and H»-
saturated (red) pH 0 HCIO4 (1 M) with a scan rate of 10 mV/s. The results show that the presence of H,
does not change the performance of the electrocatalyst. The results also show that the reference potential
does not drift or change when switching from a N to a H, atmosphere.
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Figure S17. LSVs of Pt NPs supported on carbon prepared using LIFT with a laser power of 3 W, a
scribing speed of 400 mm/s, and a source thickness of 2 nm (magenta), 5 nm (turquoise), and 10 nm
(blue), and LIFT graphene without Pt (black) in N2-saturated pH 13 KOH (100 mM) with a scan rate of
10 mV/s.
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Figure S18. Specific HER activity of Pt NPs supported on carbon prepared using LIFT with a source
thickness of 5 nm, a scribing speed of 400 mm/s, and a laser power of 2 W (blue), 3 W (turquoise), and 4
W (magenta), and 10 wt% commercial Pt/C sample (red) in N»-saturated pH 13 KOH (100 mM) with a
scan rate of 10 mV/s.

The difference in specific activity between the LIFT Pt/C and commercial Pt/C observed in
Figure S18 is likely due to the different sample preparation methods. Nafion was used as a binder for the
commercial Pt/C case, but no binder was used for the LIFT-generated Pt/C case.
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Figure S19. (a) TEM image and (b) particle size distribution analysis of Pt NPs supported on a few-layer
graphene carbon network prepared using a LIFT process with a Pt source thickness of 5 nm, a laser power
of 3 W, and a scribing speed of 300 mm/s.
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Figure S20. (a) TEM image and (b) particle size distribution analysis of Pt NPs supported on a few-layer
graphene carbon network prepared using a LIFT process with a Pt source thickness of 5 nm, a laser power
of 3 W, and a scribing speed of 500 mm/s.
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Figure S21. (a) TEM image and (b) particle size distribution analysis of Pt NPs supported on a few-layer
graphene carbon network prepared using a LIFT process with a Pt source thickness of 5 nm, a laser power
of 3 W, and a scribing speed of 600 mm/s.
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Figure S22. (a) TEM image and (b) particle size distribution analysis of Pt NPs supported on a few-layer
graphene carbon network prepared using a LIFT process with a Pt source thickness of 5 nm, a laser power
of 3 W, and a scribing speed of 700 mm/s.
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Figure S23. (a) TEM image and (b) particle size distribution analysis of Pt NPs supported on a few-layer
graphene carbon network prepared using a LIFT process with a Pt source thickness of 5 nm, a laser power
of 3 W, and a scribing speed of 800 mm/s.
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Figure S24. LSVs in Np-saturated pH 13 KOH (100 mM) with a scan rate of 10 mV/s of Pt NPs

supported on carbon prepared using LIFT with a laser power of 3 W, a scribing speed of 400 mm/s, and a
source thickness of 5 nm with (blue) and without (salmon) a post-LIFT laser treatment.
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Figure S25. Long-term stability test through holding the current density passing through the working
electrode at -5 mA/cm? of Pt NPs supported on carbon prepared using LIFT with a source thickness of 5
nm, a scribing speed of 400 mm/s, and a laser power of 3 W in Nz-saturated (a) pH 0 HCIO, (1 M) and (b)
pH 13 KOH (100 mM) solutions.
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Figure S26. LSVs of Pt NPs supported on carbon prepared using LIFT with a source thickness of 5 nm, a
scribing speed of 400 mm/s, and a laser power of 3 W in N»-saturated pH 0 HCIO4 (1 M) with a scan rate
of 100 mV/s for 2912 cycles, followed by 10 h soaking in N.-saturated pH 0 HCIO,4 (1 M) under open
circuit potential with no current passing through the working electrode, then cycled for another 2912
cycles.
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Figure S27. (a) TEM image and (b) LSVs recorded in N-saturated pH 1 HCIO4 (100 mM) with a scan
rate of 10 mV/s (red line = LIFT Ru NPs, black line = LIFT carbon only) of Ru NPs (0.15 pug Ru/cm?)
supported on a few-layer graphene carbon network prepared using a LIFT process with a Ru source
thickness of 5 nm, a laser power of 3 W, and a scribing speed of 400 mm/s.
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Figure S28. (a) TEM image, (b) XPS survey spectrum, (c) high-resolution XPS Ni 2p spectrum (gray =
measured; red, blue, green, purple = individual fit components; and black = cumulative sum of individual
fit components), and (d) LSVs recorded in N»-saturated pH 14 KOH (1 M) with a scan rate of 10 mV/s
(red line = LIFT Ni NPs, black line = LIFT carbon only) of Ni NPs (2.09 ug Ni/cm?) supported on a few-
layer graphene carbon network prepared using a LIFT process with a Ni source thickness of 5 nm, a laser
power of 3 W, and a scribing speed of 400 mm/s.
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Supplemental Tables

Laser Power (W) Particle Size (nm) Polydispersity Index (PDI)
2 5.28 +0.85 0.026
3 2.18+0.43 0.039
4 2.04 +0.29 0.020

Table S1. Particle size distribution of Pt NPs supported on carbon prepared using LIFT with a Pt source
thickness of 5 nm, a scribing speed of 400 mm/s, and a laser power varying between 2 W and 4 W.

Source Thickness (nm) Particle Size (nm) Polydispersity Index (PDI)
2 1.76 £ 0.37 0.045
5 2.18 +0.43 0.039
10 3.30£0.68 0.043

Table S2. Particle size distribution of Pt NPs supported on carbon prepared using LIFT with a laser
power of 3 W, a scribing speed of 400 mm/s, and a Pt source thickness varying between 2 nm and 10 nm.

Element Weight % Atomic %

c 84.68 90.01
0 10.53 8.04
N 1.28 1.17
Pt 3.51 0.23
Total 100 100

Table S3. Chemical composition quantified using XPS of Pt NPs supported on carbon prepared using
LIFT with a Pt source thickness of 5 nm, a scribing speed of 400 mm/s, and a laser power of 2 W.

S17



Element Weight % Atomic %

C 77.35 84.6
0 15.83 13.00
N 2.22 2.08
Pt 4.60 0.31
Total 100 100

Table S4. Chemical composition quantified using XPS of Pt NPs supported on carbon prepared using
LIFT with a Pt source thickness of 5 nm, a scribing speed of 400 mm/s, and a laser power of 3 W.

Element Weight % Atomic %

C 80.36 87.70
(0] 12.32 10.09
N 1.97 1.84
Pt 5.36 0.36
Total 100 100

Table S5. Chemical composition quantified using XPS of Pt NPs supported on carbon prepared using
LIFT with a Pt source thickness of 5 nm, a scribing speed of 400 mm/s, and a laser power of 4 W.

Element Weight % Atomic %

c 91.17 94.89
0 5.18 4.05
N 1.00 0.89
Pt 2.65 0.17
Total 100 100

Table S6. Chemical composition quantified using XPS of Pt NPs supported on carbon prepared using
LIFT with a scribing speed of 400 mm/s, a laser power of 3 W, and a Pt source thickness of 2 nm.
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Element Weight % Atomic %

C 80.56 88.79
(o] 10.44 8.64
N 2.22 210
Pt 6.78 0.46
Total 100 100

Table S7. Chemical composition quantified using XPS of Pt NPs supported on carbon prepared using
LIFT with a scribing speed of 400 mm/s, a laser power of 3 W, a Pt source thickness of 10 nm.

Method BG (S/m) LIFT Pt (S/m) Pt/Vulcan/Pl (S/m)
AC (Bio-logic SP-150) 393+1 467 £ 9 299 + 3
DC (Multimeter) 137+ 3 227 +9 109+8

Table S8. AC and DC conductivity measurements of LIFT Pt NPs and commercially-available 10 wt% Pt
on Vulcan XC-72 using electrochemical impedance spectroscopy (EIS) and a multimeter.

Scribing Speed (mm/s) Particle Size (nm) Polydispersity Index (PDI)
300 2.79+0.36 0.017
400 2.18+0.43 0.039
500 2.12 + 0.46 0.047
600 2.05+0.46 0.051
700 1.75+0.34 0.037
800 1.28 + 0.25 0.039

Table S9. Particle size distribution of Pt NPs supported on carbon prepared using LIFT with a laser
power of 3 W, a Pt source thickness of 5 nm, and a scribing speed varying between 300 mm/s and 800
mm/s.
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Scan Rate (mm/s) Weight %

300 2.79
400 217
500 212
600 2.05
700 1.75
800 1.28

Table S10. Pt loading (wt%) quantified using XPS of Pt NPs supported on carbon prepared using LIFT
with a Pt source thickness of 5 nm, a laser power of 3 W, and the scribing speed varying between 300
mm/s and 800 mm/s.
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