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An investigation into the optimisation of a highly-concentrated (20 wt%) and stable platinum (Pt)
organometallic ink, showing consistent jetting performance whilst minimising the negatives associated
with particle-containing inks. The ink was synthesised and printing demonstrated onto glass by a piezo-
electric drop-on-demand inkjet printer. Stable and rapid jetting (Z number: 1.83, 8 m/s) was achieved
using cyclohexanol-based viscosity modifiers and optimisation of the print settings. Uniform nanofilms
(10 – 30 nm) were obtained by the printing of successive layers which showed high conductivities (1.
6 ± 0.13 � 106S/m, 17% of bulk Pt). The 20 wt% concentrated inks showed increased uniformity and elec-
trical conductivity over previously reported 10 wt% equivalent inks, enabling for the first-time conductive
features with a single print pass. High quality films were deposited by increasing the printed thickness
due to significant uniformity improvements obtained across the centre of the printed films. A high film
purity was demonstrated by X-ray diffraction, Scanning Electron Microscopy and Energy Dispersive X-
rays. The suitability of the printed Pt films for production of Surface Enhanced Raman Scattering
(SERS) detection platforms was also investigated. The presented work will pave the way for applications
benefiting from selective deposition and low reactivity Pt nanofilms, as a proof of concept an LED circuit
is demonstrated.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction cesses, with near zero waste [1] and is an adaptable and accessible
Inkjet printing offers a non-contact, lower capital expenditure
alternative fabrication technique to traditional lithographic pro-
additive manufacturing process with applications for the direct
patterning of conductive features [2]. Printed electronic devices
by inkjet method have great potential in manufacturing processes
requiring rapid production without otherwise bespoke or expen-
sive equipment [3], such as prototyping, whilst reducing waste.
Furthermore inkjet printing is compatible with a wide range of
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substrates, both rigid and flexible [3]. Of interest is platinum (Pt)
which is a highly stable, conductive and inert noble metal that is
readily available in a highly pure form [4]. These characteristics
lend Pt to a wide range of applications in small quantities in elec-
tronic devices such as hard disks [5], resistance thermometers [6]
and electrodes on medical implants [7]. Existing research with
particle-based Pt inks has demonstrated applications as electrodes
for fuel cells [8] and pH sensors [9].

The conductive inks utilised for inkjet printing typically come in
two forms, nanoparticle or particle-free [9]. In conductive nanopar-
ticle inks, metal nanoparticles such as silver (Ag) or gold (Au) are
suspended in an organic solvent which evaporates as the ink dries.
These inks are susceptible to both nozzle abrasion and clogging
over time, and suffer from the well documented coffee ring effect
that affects print uniformity [2]. Particle-free organometallic inks
consist of soluble metal-containing compounds [10] that unlike
nanoparticle inks do not suffer from particle agglomeration [11]
and thus problems arising from the clogging of the printer nozzles,
although from experience it is still advisable to ensure these are
kept clean to ensure long-term stability from cartridges designed
as single-use. Furthermore, such inks form films of higher conduc-
tivities at lower sintering temperatures [12]. Despite these bene-
fits, particle-free inks feature less in existing literature than
particle-based inks [12]. Reported particle-free Pt ink developmen-
tal work is even further limited, showing little optimisation for ink
composition, jetting or print quality when compared with alterna-
tive, Ag or Pt particle-based ink research [10] and [12]. Cummins
et al. [13] inkjet printed a particle-free Pt ink to form 90 nm thick
films with a conductivity of 28S/m from a thermally annealed ionic
conversion process, which was later improved upon by ourselves
in [14] through printing of 15 nm films of conductivity 4 � 106S/
m (42% of bulk Pt) using a similar ink formulation. The formulation
of these inks is identical to that outlined within this publication
albeit at a lower concentration. More recent work investigating
inorganic salt-based particle-free Pt inks based around chloropla-
tinic acid (H2PtC6) solutions have investigated deposited thin films
of thickness 440 nm and conductivity 2 � 106S/m (21% bulk Pt)
[15]. These films required additional plasma gas to induce conver-
sion from ionic form to metallic whilst sintering the metallic phase.
Other examples of H2PtC6 solutions includes for dye-sensitised
solar cells applying Pt films by inkjet [16]. Recently, inks based
around particle-free Pt formulations for use with aerosol jetting
processes have been commercialised under Oreltech LA731 [17].

Our previous investigations [14] utilised a 10 wt% containing Pt
ink developed by Ceimig Ltd, a manufacturer of precious metal cat-
alysts and compounds. However increasing ink concentration can
lead to thicker and more conductive films from fewer printed lay-
ers, which is desirable for producing more durable coatings with
increased performance lifetime [18]. To realise improved printed
performances a new, higher 20 wt% concentrated Pt ink was for-
mulated by Ceimig which was based around a stable composition
in [19] showing a high jetting performance. The 10 wt% and
20 wt% inks were identical in formulation method and composition
aside from the concentration and the associated scaling of the sol-
vents. The jetting and printing of this ink shall provide insight into
Pt thin film properties.

In the absence of viable models for this ink such as that demon-
strated in [20], the use of an ink omitting the metal salt constituent
was applied to first evaluate optimal jetting settings which are
applicable to the metal-loaded equivalent ink, especially when
the metals are of high cost such as with Pt. As such the synthesis
and testing of a ‘blank’ unloaded ink provides an insight which
reduces the required evaluations of the more costly Pt ink print
optimisation.

Viscosity modifiers are key constituents in the optimisation of a
printing ink [21], which are utilised within this work by the mixing
2

of cyclohexanol, toluene and cyclopentanone. Alterations to viscos-
ity modifier concentrations were made to optimise the Pt ink noz-
zle jetting for high quality droplet formation. With this, printing
onto a glass substrate was optimised by further modifications to
ink concentration and the printer settings (voltage, temperature)
using a piezoelectric drop-on-demand inkjet printer. A thermal
reduction process yields conductive Pt nano-films post-printing,
which is demonstrated with differing numbers of print passes.
The resulting films were then analysed to highlight key behaviours
critical for high quality thin film synthesis including: surface mor-
phology and profile, dimensions, thickness, roughness, adhesion,
elemental composition, and crystallographic structure; its perfor-
mance as a Surface Enhanced Raman Spectroscopic (SERS) material
for sensing was also demonstrated; and finally, its high conductiv-
ity by the printing of a working electronic circuit comprising a
Light Emitting Diode (LED) and resistor.
2. Method

2.1. Ink testing

To ensure the viability of the ink for printing, it is necessary to
determine its printability, or inverse Ohnesorge number (Z), this is
calculated as follows:

Z ¼
ffiffiffiffiffiffiffiffiffi
rqL

p

l
ð1Þ

where r is the surface tension of the ink, q is the density, m is the
dynamic viscosity and L is the nozzle diameter of the printer car-
tridge (21.5 mm) [22]. Typically, printable inks are within the range
1 < Z < 14 [23 24].

Density (±0.3% accuracy) was measured from 2 ml of fluid in a
glass beaker weighed on an Ohaus Explorer balance. Viscosity
(±0.2% accuracy) was measured using a Cannon-Fenske viscometer
tube at room temperature. Surface tension (±0.66mN/m accuracy),
surface energy and contact angle were measured with a Krüss
EasyDrop analysis system, whereby an image of a drop of fluid sus-
pended from a syringe or lying on a glass slide is captured and
modelled. Surface energy was computed with the Wu method
using deionised water and diiodomethane. Specifically for the
DMP-2800 series inkjet printers used here, the following ink
parameters are recommended by the manufacturer, Fujifilm Dima-
tix: a dynamic viscosity 10 � 12cP; and surface tension 28 �
42mN/m [25]. These parameters were measured at room
temperature.

2.2. Ink synthesis and printing

The 20 wt% Pt-loaded ink consisted of appropriate amounts of
dimethyl(1,5-cycloctadiene) platinum(II) (Me2Pt(COD)) (Colonial
Metals, Inc., >98%) dissolved in toluene (Fisher Scientific, >99%)
and platinum acetylacetonate (Pt(acac)2) (Colonial Metals, Inc.,
�98%) dissolved in cyclopentanone. Once dissolved, the cyclopen-
tanone and toluene solutions were combined in a 4:1 ratio by vol-
ume and stirred. The resulting fluid was mixed with t-butyl
hydroperoxide (Sigma Aldrich, 5.0–6.0 M in decane) in a 5:1 ratio
by volume. The 10 wt% Pt-loaded ink was made using the same
method, but the quantities of solvents and precursors were
adjusted accordingly to modify the Pt loading. The 20 wt% concen-
tration of Me2Pt(COD) is around the limit that may be dissolved in
toluene using this method. The ink was printed using a piezoelec-
tric drop-on-demand (Fujifilm Dimatix DMP-2831) materials prin-
ter, as outlined within [26]. This includes a high-speed camera
function which takes strobe photographs at a software-variable
frame rate, enabling the monitoring of the droplet formation and
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ejection from the cartridge. Each cartridge consists of 16 nozzles
which may be individually enabled and controlled by a voltage.
Using the high-speed camera, the jetting of each nozzle may be
monitored. The quality of the droplets is determined by multiple
factors such as the velocity, presence of satellites or tails (which
may collapse into the droplet itself), horizontal deflection and
the rates at which the droplets are formed.

In order to preserve the quantity of usable Pt, ink ‘blanks’ were
used to first evaluate the printability, as little printing difference is
expected between Pt-loaded and Pt un-loaded inks. Six blank for-
mulations were evaluated and highlighted in Table 1. No Pt
organometallic was present in any blank, which otherwise con-
tained identical ratios of toluene to cyclopentanone as the supplied
Pt ink. Cyclohexanol was added as a viscosity modifier to improve
print performance. Alcohols are commonly used as solvents in
printable inks as they evaporate without leaving conductivity-
affecting residues within the printed structures and contain hydro-
xyl groups that have reduction capabilities [27]. The room melting
temperature of cyclohexanol [28] was found by [14] to be suitable
for increasing the viscosity and jet-ability of Pt inks.

The density, dynamic viscosity and surface tension of each
blank was measured using the aforementioned methods and an
average taken. By modifying the jetting waveform applied to the
active nozzles on the printhead, droplet ejection was optimised
to eliminate satellites, tails and ensure jetting approximately
within the 7 – 9 m/s recommended range [25]. The optimum ratio
of blank ink to cyclohexanol was used to determine the corre-
sponding ratio of the Pt ink to cyclohexanol. Small changes were
made to the jetting waveform to ensure the Pt ink ejected without
tails, satellites and at a suitable velocity.
2.3. Substrate preparation and ink thermal decomposition

Glass microscope slides (VWR 631–1552) were used as the
printing substrate. These were cleaned before use by wiping with
De-Solv-it DSI 3000 degreaser and immersing in boiling and then
deionised water within an ultrasonic cleaner. During printing the
print bed was kept at the same temperature as the cartridge
(30 �C), 1–4 layers were printed using 4 nozzles with a 60 s delay
between layers and with a 20 lm drop spacing. Whilst it is possible
within the printer software to enable all 16 nozzles, it is common
for multiple nozzles in brand new cartridges to jet poorly or not at
all. Furthermore, the software limits the use of multiple nozzles
during print runs to only those beside one another, jetting with 4
sequentially numbered nozzles was found to generally be the max-
imum possible before performance issues arose. A total of 8 rectan-
gular samples each measuring 6 � 1 mm were printed across a
microscope slide, 2 samples of each layer thickness were printed
Table 1
Inks tested.

Ink solution Identification Composition

Blank Bl.00 Toluene, Cyclopentanone (4:1)
Bl.50 Bl.00, Cyclohexanol (5:5)
Bl.60 Bl.00, Cyclohexanol (4:6)
Bl.70 Bl.00, Cyclohexanol (3:7)
Bl.80 Bl.00, Cyclohexanol (2:8)
Bl.90 Bl.00, Cyclohexanol (1:9)

Pt-loaded Pt10.80 Pt ink (primarily toluene and
cyclopentanone with dissolved 10 wt%
Me2PtCOD organometallic), Cyclohexanol
(2:8)

Pt20.80 Pt ink (primarily toluene and
cyclopentanone with dissolved 20 wt%
Me2PtCOD organometallic), Cyclohexanol
(2:8)

3

per slide. The ink was cured in a preheated furnace at 320 �C for
5 min, evaporating the volatile elements within the ink and form-
ing the Pt films by thermal decomposition as previously outlined in
[14].
2.4. Printed feature characterisation

The rectangular films were inspected under a Keyence Digital
Microscope (VHX-1000) and its associated analysis software, the
feature definition of the samples was calculated by measuring
the printed area of each and determining the percentage change
from the desired 6 mm2 area, see Eq. (2) below whereby Ameas rep-
resents the measured area.

Feature Definition ð%Þ ¼ 100þ Ameas � 6
6

� 100 ð2Þ

The thickness and roughness were measured using a Bruker
DektakXT surface profiler by performing a 7.5 mm pass across
the length of the films at 200 lm/s with a stylus of 2 lm radius.
The uniformity of the surface of the films was estimated using
the measured values from the ‘plateau’ section of each film [29]:

Uniformity ð�%Þ ¼ Max�Min
2� Average� 100 ð3Þ

An Ossila T2001A3 4-point probe was used to measure the
sheet resistance of the films, resistivity and conductivity were cal-
culated from the thickness data for each film. Tape tests were per-
formed 3 times on the 8 printed samples on the microscope slide,
using method B outlined in [30] but without cutting the films,
briefly this process involved placing a length of cut tape over the
printed sample and pressing down to ensure good contact. The
tape was removed 30 s later. Sheet resistance was measured 2
times after each tape test and the average, minimum and maxi-
mum results were calculated for each sample and additionally
across two samples of an equal number of printed layers. The con-
ductivity was compared to samples printed with a 10 wt% Me2-
PtCOD ink and identical print settings.

Separate 6 � 1 mm samples 1–4 layers thick were printed for
SEM analysis, and 10 layers thick for Raman Spectroscopy analysis.
The Surface Enhanced Raman Scattering (SERS) performance of the
10-layer PT filmwas then examined using an in-house built Raman
microprobe system, equipped with a continuous wave laser source
emitting at 532 nm and Oriel MS257 monochromator fitted with
Andor Newton EMCCD detector, TE cooled to �70 �C. The backscat-
tering configuration was used for the signal collection. The incident
power on the samples was 2mW. The Raman spectra were
recorded using a 60 � objective Plan Fluor objective (Nikon), an
accumulation time of 60 s with a total of 2 accumulations, a slit
width of 100 mm and a 1200lines/mm grating. Thiophenol (�99%,
Sigma Aldrich) was chosen as analyte compound for the SERS
enhancement study due to its selective binding affinity to the
metal surfaces. Self-assembled monolayer (SAM) of thiophenol
on the Pt film was achieved by soaking the substrates in a
10 mM ethanolic solution for 1 h [31]. The sample was then rinsed
with ethanol and left to dry in air before the SERS measurements.

Four further 10 mm square samples 1–4 layers thick were
printed on separate glass slides for X-Ray Diffraction (XRD) analy-
sis and the crystalline spacing was calculated using Bragg’s Law
with an X-Ray wavelength of 0.154 nm.

For conductivity demonstration a working electronic circuit
using a 9 V battery, 120 X resistor and blue LED was built on a
pre-cleaned glass slide by printing three 1 mm wide rectangular
tracks and soldering the components directly onto the cured Pt
films.



T.D. Grant, A.C. Hourd, S. Zolotovskaya et al. Materials & Design 214 (2022) 110377
3. Results and discussions

3.1. Blank ink jetting optimisation

Ink solutions not containing Pt (blank inks) were tested in terms
of their printing settings as their jetting performance is applicable
to the Pt containing inks, owing to a similar rheology and from the
work in [14]. The density, dynamic viscosity and surface tension
were measured for each blank ink solution as outlined within
Table 2, enabling evaluation of the inverse Ohnesorge number (Z)
of each. Bl.00 had a very high Z (with 14 being the recommended
limit [24]), however all other blanks tested, containing cyclohex-
anol content, were within the optimal range for jetting (Z: 1–14).
Fluids with Z numbers towards the lower recommended range
generally suffer from high dynamic viscosities that prevent drop
ejection, conversely high Z values indicate the formation of large
numbers of unwanted satellites along with the primary droplet
[22]. As such, for the Z numbers evaluated for the blank inks,
Bl.60 to Bl.80 were the most likely to print successfully, as subse-
quently demonstrated in Fig. 1.

Jetting was optimised for the blank inks (Fig. 1). The peak jet-
ting voltage was optimised at a 30 �C cartridge temperature for
Bl.50 – Bl.90 as indicated in Fig. 1A. Due to its low viscosity Bl.00
ejected from the nozzles independently of the voltage pulses (not
shown) and could not be jetted to a high stability - defined by peri-
odic, spherical droplet with no satellites [13]. The peak jetting volt-
ages 16 V, 20 V, 22 V, 24 V and 30 V were applied accordingly to the
different inks, which enabled high-quality droplet formation to be
obtained approximately within the target printing velocity range
(defined as the fixed droplet position within the still frame images
divided by 100 ls), 7 – 9 m/s [25].

The jetting frequency was software-variable from 0.7 to 80 kHz.
In all cases the inks were jetted at 5 kHz, which ensured easy cal-
culation of the drop velocity with a 100 ls camera strobe fre-
quency, although jetting was possible for all inks within the 0.7 –
30 kHz range.

In Fig. 1B all blanks were jetted using the same waveform, a
peak voltage of 24 V and a 30 �C cartridge temperature. For the four
inks shown (Bl.50 to Bl.80) the droplet stability increased for
increasing concentration of cyclohexanol, 50% to 80% respectively,
as highlighted by the appearance of individual droplets with little
tailing or satellites. Additionally, the jetting velocity of the droplets
was approximately, 10 m/s, 9 m/s and 7.5 m/s for Bl.60, Bl.70 and
Bl.80, respectively, where Bl.50 produced a range of droplets with
differing velocities as shown by the multitude of droplets within
the image. Bl.90 was tested however for the voltage applied, its
droplet formed within the dark region of the image and was not
visible, however its velocity was estimated as 3.5 – 6 m/s which
follows the trend of decreasing velocity. This indicates that for
increases in the percentage concentration of cyclohexanol, both
the droplet velocity decreased and the droplet quality increased.
This was due to cyclohexanol increasing the dynamic viscosity
from 2.16 to 10.19cP, see Table 2. The increased voltage in
Fig. 1A enables imaging of the droplet produced for Bl.90. For an
Table 2
Measured blank ink compositions.

Ink solution Density (kg/m3) Dynam

Identification Composition

Bl.00 Toluene, Cyclopentanone (4:1) 890 0.65
Bl.50 Bl.00, Cyclohexanol (5:5) 920 2.16
Bl.60 Bl.00, Cyclohexanol (4:6) 920 3.56
Bl.70 Bl.00, Cyclohexanol (3:7) 920 5.95
Bl.80 Bl.00, Cyclohexanol (2:8) 930 10.19
Bl.90 Bl.00, Cyclohexanol (1:9) 930 21.20
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increase in cyclohexanol concentration, an increase in voltage is
required to produce a consistent droplet velocity, which is as
expected for inks with increasing viscosities, as larger peak jetting
voltages enable a greater deformation in the piezoelectric element
within each nozzle, resulting in a greater pressure wave that can
eject more viscous fluids [25]. The optimal peak voltage ranges
were plotted as shown in Fig. 1C, which further highlights the
trend of increasing voltages required for higher viscosity inks.

The cartridge temperature was optimised by increasing the
temperature and evaluating as well, the optimal voltage applied
to each ink. An optimal temperature range was obtained for the
different blank inks with the results plotted in Fig. 1D. These
showed a positive correlation between increasing viscosity and
required temperature for jetting, which was as expected as a
higher cartridge temperature typically reduces the viscosity of
the fluid leading to more rapid ejection [32]. The voltages used
were typically the same as applied in Fig. 1A&C however, for the
highest viscosity ink (Bl.90 at 21.2cP, see Table 2), the optimal volt-
age was reduced from 30 V to 25 V, indicating further the positive
influence of higher temperatures on the jetting of high viscosity
inks.

The voltage waveform applied is shown in Fig. 1E (for a peak
jetting voltage of 16 V) whereby high voltages correspond to the
maximum compression of the piezoelectric element within each
nozzle chamber, resulting in an increase in pressure within the
chamber. In segment 1 describing the first 2 ms, a decrease in noz-
zle voltage to 0 V results in the piezoelectric element relaxing and
increasing the chamber volume, pulling ink in. The rapid increase
in voltage to a peak of 16 V within segment 2 (2.176 – 5.952 ms)
forces the ink out the chamber to form a droplet on the nozzle.
Decreasing the peak voltage again in segment 3 (5.952 –
6.848 ms) causes the droplet to neck and fall from the nozzle, the
process is then repeated to form another droplet [25]. The peak
voltage for each nozzle may be varied individually, allowing for
variations in nozzle performance to be compensated for to achieve
a uniform droplet velocity from multiple nozzles.

Bl.80 is the only blank that meets the dynamic viscosity
(10.19cP) and surface tension (31.37 mN/m) recommendations
for the printer (10 � 12cP and 28 – 42 mN/m, respectively [25])
and is within the printable Z range (2.46), see Table 2. Thus Bl.80
theoretically represents the optimal ratio for printing. Additionally,
it displayed wide voltage and temperature operational ranges of
24–26 V and 30–35 �C, respectively (see Fig. 1C&D) and so, for all
these reasons the Pt ink was formulated in an identical 20:80 ink
to cyclohexanol ratio. To further illustrate the effectiveness of
Bl.80, strobe images (100 ls frequency) of its jetting with five noz-
zles was demonstrated at 25 V and cartridge temperature 30 �C, in
Fig. 1F. This cartridge temperature is sufficiently high that the ink
viscosity remains constant and there is minimal variation with
room temperature, whilst also being low enough such that energy
usage and cartridge heating/cooling is kept to a minimum. At 30 �C
a peak jetting voltage of 25 V generally ensures droplets eject at
the desired velocity, nozzles 1–5 jetted within the recommended
ranges between 7 m/s and 9 m/s. The velocity variation produced
ic viscosity at 19.1 �C (cP) Surface tension at 19.1 �C (mN/m) Z

30.00 36.86
30.55 11.38
30.99 6.95
29.95 4.09
31.37 2.46
31.43 1.18



Fig. 1. Evaluation of the blank ink printing showing: A) optimisation of jetting voltage (for velocities between 7.0 and 9.25 m/s, 100 ms strobe image frequency); B) the
different velocities for 24 V & 30 �C cartridge temperature (100 ms strobe image frequency); C) range of suitable jetting voltages for each blank; D) range of suitable cartridge
temperatures for each blank; E) blank ink waveform settings; and F) demonstration of optimised ink (Bl.80).
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however was due to multiple factors which include debris within
the printhead; nozzle cleanliness; and the presence of other noz-
zles close by inducing fluidic turbulence [33] and so, for complete
uniformity, it is necessary to set the jetting voltage of each nozzle
independently to ensure jetting at the desired velocity and without
unwanted tails or satellites.
3.2. Pt ink jetting optimisation

The supplied Pt formulation (toluene and cyclopentanone in a
4:1 ratio with a dissolved 20% Pt organometallic) was then diluted
in a 1:4 ratio with cyclohexanol to mimic the formulation of Bl.80
(Pt20.80). In order to minimise wastage of platinum, only the Bl.80
formulation was used as the basis for jetting. The increase in vis-
cosity of 33% from Bl.80 to Pt20.80 placed this ink marginally out-
side the recommended 10 – 12cP range, however a similar
percentage increase for any of the remaining blanks upon the addi-
tion of Pt would place the corresponding inks even further from
this range. Using the waveform applied for the blanks inks (see
Fig. 1E) along with the same voltage and cartridge temperature
as in Fig. 1F, Pt20.80 was ejected and strobe-images (130 ms fre-
quency) of the droplet formation from five nozzles are displayed
in Fig. 2A, with white arrows highlighting droplets difficult to
observe. The droplets show good uniformity and repetition with
no tailing or satellites and were produced with an average velocity
of 6.3 ± 0.2 m/s, droplets from nozzle 2 ejected non-vertically likely
due to faulty nozzle.

Further improvements were made to the waveform to increase
the droplet velocities, Fig. 2B. An increase in droplet velocity was
expected from the results in [13] by either increasing the duration
of segment 1, pulling a greater quantity of ink from the reservoir
into the nozzle chamber, or segment 3, which controls the necking
5

of the droplet as it falls from the nozzle. This proved to be the case
with an increase in the duration of segment 1 of 1.984 ms resulting
in an increase in droplet velocity such that all droplets were within
the 7–9 m/s recommended range. Subsequently, each nozzle volt-
age was individually tuned which enabled a more consistent aver-
age droplet velocity of 7.4 ± 0.1 m/s, as highlighted in Fig. 2C. Using
these settings high quality printing was possible which was
applied to all further printing. The measured properties of
Pt20.80 are shown in Fig. 2D and indicate a density, dynamic vis-
cosity, surface tension and evaluated Z number similar to Bl.80.
3.3. Pt thin film characterisation on glass

The method of cleaning the glass slides prior to printing was
analysed by determining the wettability of the blank ink (Bl.80),
measured against two glass surfaces and averaged, Fig. 3A. The
contact angle was low and underwent little change in droplet posi-
tion over time, as highlighted by the slight change in contact angle
(1.55�) over a 10-minute period, indicating high wetting to the
glass surface and a stable droplet formation onto the glass after
printing. To determine the minimum printed feature resolution,
eight single droplets of Pt20.80 spaced at least 1 mm apart were
deposited onto glass. For a single printed layer the dried drop
diameters averaged 47.9 lm, increasing to 53.8 lm, 54.8 lm and
57.2 lm for 2, 3 and 4-layer deposits respectively, see Supporting
Information Fig. A.1. The surface energy of the two cleaned slides
was also determined, as illustrated in Fig. 3B. The surface energies
showed little variation (67.55mN/m and 67.91mN/m) with similar
contributions from the dispersive and polar parts, and produced
typical values for glass [34]. The similarity of surface energies high-
lights that the cleaned slides contained low contamination.



Fig. 2. Jetting with Pt ink showing: A) strobe image (130 ms frequency) of Pt droplet for blank waveform; B) Pt waveform settings; C) strobe image (100 ms frequency) of
optimised waveform; and D) measured Pt properties.
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Using Pt20.80 eight 6 � 1 mm films were printed, 1–4 layers
thick displayed in Fig. 4A, indicating qualitatively a high unifor-
mity. The effect of increasing film thickness on uniformity is indi-
cated in Fig. 4B, whereby the 1-layer print reveals a variation in
uniformity as shown by a lighter deposit towards the centre and
a darker deposit towards the edge, whereas the 3-layer print shows
a more consistent darker contrast. The ejected ink forming the 1-
layer film interacts with the glass substrate after which internal
flows and droplet merging occur, this differs for the multi-layer
films as from the second layer onwards the droplet interacts with
already deposited and drying ink. The visibly thick edge of the 1-
layer film is a consequence of the varying drying rate across the
film which occurs preferentially at the fixed edges. Inhomogeneity
of this kind is referenced as the coffee-ring effect [35] and as the
ink is particle-free, the likely reasons for the raised deposit are
twofold. Firstly, dust-contamination upon the substrate [36] and
from handling, and secondly as a result of surface tension pulling
ink towards the pinned edge [37]. Whereas the coffee-ring effect
in nanoparticulate inks results in a significant proportion of the
conductive material being pulled to the edges, here the substrate
remains wet and thus conductive even at the centre. The lower
quantity of ink dispensed to form the 1-layer film makes this effect
particularly visible. Each sample was placed in the preheated fur-
nace before fully dry, however observations indicated that it took
approximately 5 min per layer for a printed film to dry.

High resolution SEM images are displayed in Fig. 4C-F for print
layers 1–4, respectively. These show a uniform coating but with
visible pores of varying sizes. As the number of printed Pt layers
increased from 1 � 4, the overall porosity was found to increase
as 34%, 35%, 38% and 39% respectively. Furthermore, the largest
Fig. 3. Wettability characterisation of glass slide and ink blank (Bl.80) show
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pore size measured for each layer was also found to increase, as
0.004 mm2, 0.009 mm2, 0.013 mm2 and 0.023 mm2, respectively. This
is possibly due to volatiles escaping from earlier deposited layers
as the ink dries, thus disrupting successive layer formation; or that
if lower print layers fail to dry before overprinting the droplets can
penetrate down to these lower layers forming defects that subse-
quently fail to heal under surface tension [38].

The electrical conductivity of the Pt20.80 films was measured
for 1–4 printed layers, showing an average value of (1.6 ± 0.13) �
106S/m, 17% of bulk Pt. Previous literature values reported conduc-
tivity data only on films 3-layers thick due to discontinuities in
films with fewer layers [14], highlighting that with higher concen-
trated Pt inks conductivity could be achieved with fewer print
passes. Considering the 3 and 4-layer samples only a 21% increase
in conductivity is observed. The conductivity is likely influenced by
multiple factors including ink concentration; printer drop spacing;
thermal treatment temperature [39]; glass substrate type and pre-
cleaning; and printed pattern dimensions. The maximum conduc-
tivity value obtained is good showing improvement over 27.92S/m
in [13] and is similar to 4.17 � 106S/m in [14] for printed Pt films of
90 nm and 15 nm thickness respectively, albeit in both cases using
different patterns and print settings. Eight further samples were
printed with identical dimensions and print settings as those
shown in Fig. 4A, using the same ink but with a lower 10 wt% Me2-
PtCOD content, as in [14] (Pt10.80, not shown). These films had an
average conductivity of (578 ± 181) � 103S/m (6% of bulk Pt), high-
lighting further the conductivity benefits of increasing the Pt ink
concentration.

The printed Pt20.80 film feature definition was evaluated on
glass, Fig. 5. The uniformity of the printed layers differed, with
ing: A) contact angle change over time; and B) surface energy values.



Fig. 4. Analysis of film surface quality showing: A) printed Pt films on a microscope slide; B) close-up of a 1 and 3-layer film; C) - F) Pt thin films printed onto glass showing
SEM top-down images of surfaces for layers 1–4 respectively.
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3–layer printing showing the best balance between print time and
film uniformity. Shown in Fig. 5A is the surface profile of a 3-layer
print, alongside a 1-layer print illustrating the superior uniformity
achieved by multi-layer prints. The 3-layer print depicts a uniform
Pt film deposit of average thickness (23 ± 3)nm excluding the peaks
at the film edge. The peaks flanking the plateau region are 157 nm
and 122 nm high. These features are related to the difference in the
drying rate across the film as explained previously within Fig. 4B.
The surface uniformity of the films was determined using Eq. (3)
from the Pt plateau portion of the surface profiles only, excluding
peaks due to the likes of debris on the films, and showed a high
and increasing homogeneity with layers printed as ±109%, ±68%,
±18% and ± 16% for the 1–4-layer films respectively, whereby
higher values represent a greater variation in the film thickness
from the mean and therefore a lower uniformity. The increase in
uniformity with increasing layers is likely due to differences in
the ink drying behaviour particularly between the glass substrate
(for single layer films) and pre-deposited layers (for multi-layer
films) [14]. Conversely, the observed increase in porosity and pore
size with the number of printed layers indicates that increasing the
number of layers does not necessarily result in higher density
printed films.
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The feature print edge definition for the ink was quantified from
optical measures of layers 1–4. Highlighted in Fig. 5B is an optical
top-down image of the 3-layer printed surface which showed the
highest printed feature definition of the different layers, as charac-
terised by a uniform deposit with some small air bubble voiding
occurring due to the drying effects previously identified. Using
Eq. (2) the average printed area deviation from its inputted print
pattern (feature definition) for all printed layers was (148 ± 22)%,
showing a high feature definition over slightly higher desired area
due to ink spreading from the desired 6 mm2 rectangles. The low-
est print deviation was 109% for the 3-layer sample.

The thickness of the Pt20.80 films was measured as highlighted
in Fig. 5C, showing an increase with numbers of printed layers
from (11 ± 6.6)nm to (33 ± 4.1)nm, excluding the peaks at the film
edge. The printed Pt ink conforms to the desired print shape due to
the pinning of the contact line [35] resulting in the formation of
thicker films for higher numbers of printed layers. In comparison
with using 10 wt% Pt concentrated particle-free inks from the liter-
ature, the thickness of the 20 wt% Pt ink in this study was 2.1 and
0.4 times that of the 3-layer films printed in [14] and [13], respec-
tively. There are multiple factors that can affect these values, as
listed previously in this section.



Fig. 5. Analysis of film properties showing: A) Dektak surface profile of a 3-layer (left axis) and 1-layer (right axis) print; B) top-down optical image of 3-layer printed feature;
C) roughness and thickness plot excluding end peaks; D) measured sheet resistance for increased numbers of tape tests, including results from [14]; and E) circuit diagram
and optical image of LED lighting.

Fig. 6. Pt film crystallinity characterisation and SERS performance showing: A) EDX of 4-layer film; B) calculated Bragg crystalline spacings from (111) peak on C) XRD
patterns of 1 to 4-layer films; and D) SERS spectrum of thiophenol on 10-layer film.
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The surface roughness of the Pt films was measured (Fig. 5C)
with Ra values of 3.4 nm, 5.0 nm, 6.1 nm and 7.8 nm for layers
1–4 respectively, (excluding the peaks at the film edge) demon-
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strating an increase with printed layers. The film roughness gave
similar results to those for the 10 wt% Pt ink in [14], where a nota-
ble increase in roughness was also identified for multi-layer films.
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External factors influencing the roughness include growth mor-
phology, dust and other particles present on the glass slide, despite
rigorous pre-cleaning.

The adhesion performance of the different Pt films for varying
print layers was evaluated from tape tests, with the sheet resis-
tance characterised for increasing tape test counts, as shown in
Fig. 5D. The adhesion to the glass was good as demonstrated by a
mostly stable sheet resistance for multiple tape tests for all layers.
The sheet resistances of the films were greater but were within the
same order of magnitude as the 10 %wt Pt films produced in [14]
for similar numbers of printed layers. To highlight the high con-
ductivity of the film an LED-resistor circuit (Fig. 5E) was con-
structed by inkjet printing three 3-layer conductive tracks on a
glass slide and soldering discrete components. An optical image
of the lit LED is displayed showing clear illumination.

Highlighted in Fig. 6 is a quantification of the crystalline prop-
erties of the printed Pt films and SERS performance of a 10-layer
film. Fig. 6A is an Energy-dispersive X-ray (EDX) plot from a 4-
layer Pt film, showing a high Pt purity of the films (62.0 wt%); with
the remaining Si (18.8 wt%), Ca (3.9 wt%) and Na (1.9 wt%) present
due to the glass slide and C (13.4 wt%) due to background device
contamination and residues.

The crystalline spacing D, of the films were resolved using
Bragg’s law for an increasing film thickness, see Fig. 6B, from the
(111) peak in the XRD plot for an increasing number of printed
Pt layers, see Fig. 6C. This latter figure highlights face-centred-
cubic elemental Pt peaks at the expected 111, 200, 220 and 331
planes [40]. The results highlight that for increases to printed lay-
ers the Pt XRD pattern is resolved due to increased thickness of the
crystalline films, see Fig. 5C. The intrinsic structural homogeneity
of the Pt films increased for increased thickness as indicated by
the greater sharpness of the Pt XRD peaks, demonstrated specifi-
cally by the (111) peak. The (111) peak varied between 40.2�
and 39.7� and the results plotted in Fig. 6B indicate a monotoni-
cally increasing nonlinear dependence of D with thickness, dis-
played from 0.2241 nm to 0.2268 nm for the (111) plane which
is comparable to a measured Pt (111) lattice fringe value of
0.234 nm reported in [41], with differences occurring due to Pt
crystal formation properties.

The SERS spectrum of thiophenol adsorbed on the 10-layer Pt
film is shown in Fig. 6D. The position of Raman bands and their rel-
ative intensities are in agreement with the previously reported
data [31]. The chemisorption to the Pt surface was confirmed by
the absence of the m (S – H) stretching vibration peak at
2600 cm�1 (data not shown).
4. Conclusions

A high concentration organometallic particle-free Pt ink has
been successfully optimised for jetting with an inkjet printer.
Diluting the supplied ink with cyclohexanol gave an inverse Ohne-
sorge number (Z) of 1.83, within the identified printable region of
1 < Z < 14. Glass slides were evaluated and used as a substrate to
print samples that were subsequently cured using a thermal pro-
cess to form Pt films of 1–4 layers thick. The surface morphologies
of the printed films were found to vary whilst conductivity
increased between films of 3 and 4-layers thick. The films demon-
strated conductivities of 1.6 � 106S/m, over twice that of those
printed under identical conditions with a lower concentration
10 wt% ink (578 � 103S/m). In-line with literature, the films were
found to be notably thicker at the edge and average thickness and
roughness increased with numbers of the printed layers.

The findings demonstrate the viability of inkjet printing with
highly concentrated Pt particle-free organometallic inks, producing
high ink stability; high crystalline and printed uniformity; the
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associated improvement in the conductivity of the thicker printed
films; and applicability as a SERS detection platform.
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