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An Inkjet Printed Ti;C,-GO Electrode for the Electrochemical
Sensing of Hydrogen Peroxide
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Novel two-dimensional Ti3;C, MXene nanosheets were successfully prepared by etching Al from TizAlC, in LiF/HCI system. In
order to further improve the dispersing property and electrical conductivity of TizC, nanosheets, Ti3C,/graphene oxide (TizC,-GO)
nanocomposites were synthesized and applied for the fabrication of inkjet-printed hydrogen peroxide (H,0O;) sensor. The results
of electrochemical characterization show that the prepared sensor maintains the biological activity of hemoglobin (Hb) and can be
applied to the practical detection. The printed sensors display a dynamic range from 2 M to 1 mM and a detection limit of 1.95 uM
with a high sensitivity and excellent selectivity for HyO, determination. Therefore, the printable Ti3C,-GO nanocomposites are an

excellent sensing platform for electrochemical determination.
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MXenes, a new two-dimensional family of metal carbides and/or
nitrides,'™ inspire enthusiasm for research because they combine hy-
drophilic surfaces, good structural and chemical stability, excellent
electrical conductivity, and environment friendly properties.’ The for-
mula of MXenes phases is M, ; X, T,, where M is a transition metal,
X is carbon and/or nitrogen, and T, is surface functionalized. MXene
is a younger two-dimensional solid, produced by selectively etching
from group A (generally group IIIA and IVA element) layer of the
original MAX phases, which comprises a layered, hexagonal early-
transition-metal carbides and nitrides® family having more than 70
members. To date, all MXenes have been produced by etching the
MAX phases in concentrated hydrofluoric acid (HF)."#

MXenes are promising candidates for lithium-ion batteries,’
supercapacitors,'’ hydrogen storage'! and adsorption of heavy
metals.'> However, the MXene-Ti;C, of initial formulation’ lacks
stability, which was stable at room temperature for around 1 hour
and then completely aggregated at the bottom of the bottle without
touch. Because of the low operating concentration and poor stability
of the Ti;C, slurry, it is not possible to perform microfabrication and
mass production. The utilization of Ti;C, is strictly limited by its
processable ability.

Graphene, the latest two-dimensional nanocarbon material, is
highly promising for electrochemical biosensing due to its large two-
dimensional electrical conductivity, excellent electron transfer rate,
huge specific surface area and efficient direct electrochemistry.'® For
solution-processing based applications, graphene oxide (GO), which
can be synthesized on a large scale by the modified Hummer’s method,
can be easily dispersed in water because there are many oxygen-rich
functional groups, such as hydroxyl, epoxy, and carboxylic.'*!> There-
fore, GO was selected to modify TizC, to improve the stability and
electrochemical performance of Ti;C, slurry.

Inkjet printing is a non-contact prototyping technique with highly
flexible design, speed and high spatial resolution. Compared with
other printing techniques (e.g., screen printing and microcontact print-
ing), inkjet printing has attracted more attention due to its significant
advantages involving compatibility with various substrates, availabil-
ity of non-contact and no-mask patterning, low temperature process-
ing, and no requirement for vacuum processing.'® To date, as printable
conducting inks, a variety of conductive nanomaterials have been suc-
cessfully inkjet-printed, including silver,'” copper,'® and some con-
ductive carbon materials like carbon nanotubes'® and graphene,”
which provide the basis for the various applications in the future.
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Hydrogen peroxide (H,0,), an important chemical material in the
medical, chemical and military fields, is a common reactive oxygen
species (ROS) in living cells.?! Therefore, low-cost, rapid and accu-
rate detection of hydrogen peroxide is very important. Many methods
are used to detect hydrogen peroxide, such as horseradish peroxidase-
based spectrophotometry, titration and electrochemical techniques.
At present, electrochemical sensors have been widely used in hydro-
gen peroxide detection because of their low cost, real-time detection,
fast response, high stability, high sensitivity and selectivity.”> Wang?*
and Liu** respectively synthesized the TiO,-Ti;C, and MoS,-rGO
nanocomposites, which were used to immobilize hemoglobin (Hb)
to fabricate a mediator-free biosensor. The prepared nanocomposites
greatly enhanced the biological activity of Hb.

In this work, we successfully constructed the inkjet-printed hydro-
gen peroxide (H,0,) sensor by Ti;C,-GO nanocomposites, and in-
vestigated the electrochemical performance of the Hb/Ti;C,-GO/gold
foil electrodes toward H,O,. As one of the most important kinds of
reactive oxygen species (ROS), H,O, plays a key role in the biological
system because it can be produced by most of the oxidase reactions.?
The Ti;C,-GO nanocomposites were used for inkjet printing, and the
further prepared sensors showed good performance for the detection
of H,O, (Fig. 1). Therefore, the present work can provide an effective
way to broaden the applications of MXene in electrochemical sensors.

Experimental

Materials and apparatus.—Phosphate buffered saline (PBS) pow-
der was purchased from Sigma-Aldrich. Hemoglobin (Hb) was pur-
chased from Macklin. Unless otherwise noted, other chemicals (ana-
Iytical grade) in this work were from Aladdin and used as received.
In all experiments, deionized water was used.

Scanning electron microscopy (SEM) images were taken by JEOL
JSM-7800F, Japan. X-Ray diffraction (XRD) measurements were per-
formed on a Shimadzu diffractometer (XRD-7000, Tokyo, Japan) op-
erating in reflection mode with Cu Ko radiation at a step size of 0.06
per second. The particle sizes of Ti;C, and Ti;C,-GO nanodispersion
were measured by Malvern Zetasizer Nano-ZS90 (United Kingdom).
Atomic force microscope (AFM) images were taken by Bruker Di-
mension FastScan (USA). The specific surface area (SSA) was ob-
tained using a Brunauer-Emmett-Teller apparatus (BET, Micromerit-
ics, ASAP 2020). The optical microscope images were characterized
by Nikon ECLIPSE Ti-S (Japan) inverted microscope. The thickness
of the inkjet printing patterns was measured by KOSAKA ET200
(Japan) profilometer.

Downloaded on 2018-04-18 to IP 61.129.42.30 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://dx.doi.org/10.1149/2.0051807jes
mailto:bweng1984@gmail.com
mailto:chenjc@swu.edu.cn
http://ecsdl.org/site/terms_use

B228 Journal of The Electrochemical Society, 165 (5) B227-B231 (2018)

=

Sonication
+ —
Inkjet printing l

Heating at 40°C

———

Figure 1. The schematic diagram of the fabrication process of the printed
Ti3C2-GO nanocomposites on gold foil.

All electrochemical experiments were performed with a CHI 660E
electrochemical workstation (CH Instruments, Shanghai, China). A
conventional three-electrode system (consisted of a platinum flat
(10 mm x 10 mm) as the counter electrode, an Ag/AgCl as the
reference electrode and a printed conductive substrate as the working
electrode) was used in all electrochemical experiments. Unless other-
wise stated, 0.1 M pH 7.0 PBS was used as the supporting electrolyte
in all experiments.

Synthesis of Ti;C,-GO nanocomposites.—The GO dispersion was
prepared using the previously reported modified Hummers’ method.?
Next, the GO dispersion was diluted to 1 mg-mL~! with distilled
water.

The original MAX phase, Tiz AlC,, was ball milled for 4 h, 8 h and
24 h. The mass ratio of ball to sample was 10:1, and the speed was
450 rpm. The ball milled Ti;AIC, was filtered through a 400 mesh
sieve. The treated Ti; AIC, was etched in a mixture of LiF/HCI. 1.98
of g LiF and 30 mL of 6 M HCl were mixed into a PTFE bottle,
and the mixture was stirred with a magnetic PTFE stir bar until LiF
dissolved. 3 g of treated Ti; AlC, was slowly added into the mixture to
avoid a vigorous reaction. The bottle was then covered and immersed
in a water bath held at 40°C for 45 h with constant stirring. This
solution was washed several times with 40 times distilled water and
centrifuged at 7500 rpm for 15 minutes until the supernatant had a pH
of approximately 6. The sediment was dispersed in distilled water and
sonicated in an ice-water bath for 1 h while continuously bubbled with
Ar. After sonication, the aqueous Ti;C, dispersion was centrifuged at
500 rpm for 5 minutes. The supernatant was collected and stored in a
refrigerator for the subsequent experiments.

The Ti3C,-GO nanocomposites were synthesized by a simple pro-
cess. The aqueous Ti;C, dispersion was diluted to 1 mg-mL~! with
distilled water. 5 mL aqueous Ti;C, dispersion was added to 5 mL
GO dispersion (1 mg-mL~") with 20 pL Nafion (0.5%) polymer as
binder. The mixture was stirred for 30 minutes and sonicated in an
ice-water bath for 30 minutes.

Inkjet printing of the Ti;C,-GO nanocomposites.—The Tiz;C,
nanolayers and Ti;C,-GO nanocomposites were independently
printed on optical glass and gold foil by inkjet printer Dimatix 2835
(Fujifilm) with 10 pL cartridge and 20 wm drop space. Then, the
printed substrates were dried in air for 10 minutes, and placed on
a plate heating apparatus at 40°C for 30 minutes. The fabrication
process of the printed Tiz;C,-GO electrode is illustrated in Fig. 1.

For H,0, sensors, 20 pL of 1 mg- mL~! Hb were applied to the
surface of Ti;C,-GO/gold foil to prepare the Hb/Ti;C,-GO/gold foil
electrodes and then dried in air. Finally, Nafion (20nL, 0.5%) was
dropped on the surface of Hb/Ti;C,-GO/gold foil electrodes to form
a Nafion membrane.

Prior to printing, the substrates were hydrophilic activated by a
UV cleaning machine for 5 minutes.

Electrochemical performance.—Cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) of the Hb/Ti;C,-GO/gold foil

Figure 2. SEM images of original MAX phase TizAlC; (a), after 4 h ball
milled (b), after 8 h balled milled (c) and after 24 h balled milled (d).

electrodes were carried out with H,O,. The various concentrations of
H,0, samples were prepared by added H,O, into PBS solution with
constant mildly stirring. The selectivity of the Hb/Ti;C,-GO/gold foil
electrodes was carried out by the DPV curves.

The detection of H,O, in human serum samples was measured by
Hb/Ti3C,-GO/gold foil electrodes. Human serum samples obtained
from local hospital were centrifuged and diluted 10-fold with PBS.
DPV curves were measured by continuously adding different concen-
trations of H,O, to the human serum solution.

Prior to electrochemical measurements, the printed electrodes were
activated by CV at a scan rate of 0.1 V -s~! for 20 segments.

Results and Discussion

The optimization of two-dimensional Ti;C, MXene.—As shown
in Fig. 2a, the sizes of Ti3AlC, without ball milled were mainly a few
microns. In Figs. 2b, 2d, after ball milled, most of the original MAX
phase became smaller and the size was significantly reduced to 1 pm
or less. As showed from Fig. 2b, the ball milling was not completely
finished after 4 h, since there were some original large particles. After
ball milling for 8 h, the MAX phase was further ball milled and its
size became smaller (Fig. 2c). Notes that the ball milling has been
basically completed at the time. With the extension of milling time to
24h, Fig. 2d showed that there was no significant reduction in size.
However, in subsequent experiments, we found that the stability of the
Ti;C, slurry after 24 h ball milled became worse, probably because
large particles were easier to drag small particles to aggregate. Thus, in
order to improve the stability of Ti;C, slurry, it is necessary to reduce
its concentration, but this is not conducive to practical application. In
addition, some large particles still exist in all ball milled samples, as
some samples at the bottom of the ball mill bottle were not completely
ball milled because the ball mill rotated horizontally and the bottom
of the ball mill bottle was not flat.

In general, after 8 h ball milled, the ball milling level is more
appropriate. The Ti3C, slurry after 8 h ball milled was stable at room
temperature for around 3 h and in the refrigerator for 6-8 h. It can be
concluded that the ball milling can obviously reduce the particle size
of the Ti;C, slurry to improve its stability. In this experiment, the best
ball milling time was 8 h.

Characterization of the Ti;C,-GO nanocomposites.—As shown
in Figs. 3a, 3b, the large original MAX phase particles were etched
and exfoliated, and the ball milled small particles become to a few lay-
ers flakes which interspersed the large particles. The as-synthesized
Ti;C, possesses the organ-like structure with one end closing of the
Ti;C, nanolayers and the other end opening of that.?” It has a layered
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Figure 3. SEM images of Ti3C; (a, b) and Ti3C,-GO (c, d).

morphology resembling exfoliated graphite.?® In order to further im-
prove the stability of Ti3;C, for inkjet printing and H,O, sensor, GO
was selected to modify Ti;C, to improve the stability and electrochem-
ical performance of Ti;C, slurry. GO modified MXene can form stable
dispersions that can last at room temperature for 24 h and in a refrig-
erator for several days. After modification, Figs. 3c, 3d showed that
GO was covered and embedded in Ti;C, to form a stable nanocom-
posites structure, which was important for its stability and electrical
conductivity. Moreover, due to the high surface area of Ti;C,-GO (ap-
proximately 58.425 m? - g~!, in Fig. S1) and a large number of small
flakes, the effective surface area of Hb/Ti;C,-GO/gold foil electrodes
was greatly improved.

Fig. 4 presented the XRD patterns of Ti;AlC,, Ti;C,, GO
and Ti;C,-GO nanocomposites, respectively. By comparison with
Ti3AlC,, it can be seen that, from the XRD patterns of the HF-etched
Ti;C,, the strongestpeak at 39° disappears, which indicates the trans-
formation from Ti3AIC, to Ti3C,T,.>’ In addition, the (001) peaks of
Ti;C, Ty, such as (002) and (006), were broadened, lost intensity, and
shifted to lower angles compared to their location before treatment,
indicating the increase of intersheet spacing, which demonstrated that
Al was replaced by -OH, -F and/or =O. The XRD pattern of Ti;C,-
GO nanocomposites showed the same diffraction peaks as Ti;C, and
GO, confirming the coexistence of Ti;C, nanolayers and GO in the
nanocomposites.
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Figure 4. XRD patterns of TizAlC,, TizCy, GO and TizCy-GO
nanocomposites.

Figure 5. Digital image of TizC, (a) and Ti3C,-GO (b) on optical glass.
Optical microscope images of printed trace of TizC, (c¢) and Ti3C,-GO (d).
SEM images of printed trace of Ti3C; (e) and TizC,-GO (f).

The physical sizes of Ti;C,-GO nanodispersion have been char-
acterized by dynamic light scattering (DLS) illustrated (Fig. S2).
The particle sizes of TizC,, GO and Ti;C,-GO were approximately
70 nm, 80 nm and 100 nm, respectively. All of the particle sizes were
nanoscale, and Ti;C,-GO was slightly bigger than Ti;C, and GO,
confirming that GO has excellently modified Ti;C,. This not only
improved the stability of Ti;C,, but also was very important for its
printability.

Inkjet printing of the Ti;C,-GO nanocomposites.—The Ti;C,
nanolayers and Ti;C,-GO nanocomposites were printed on optical
glass according to the different number of layers and lines, respec-
tively. Figs. 5a, Sb showed that all the printed patterns had good results,
and as the number of layers and lines increased, it became clearer, con-
firming that Ti;C, nanolayers and Ti;C,-GO nanocomposites were
printable. The printed patterns were further characterized by a micro-
scope in Figs. Sc, 5d. The printed traces of Ti;C,-GO nanocomposites
were narrower, clearer and more uniform than Ti;C,, which demon-
strated that its printability has been improved. The SEM image (Figs.
Se, 5f) revealed that the diffusivity of the Ti;C,-GO nanocomposites
was significantly lower than that of Ti;C,, which was very important
for printing a particular pattern. Table S1 showed the thickness of
the printed patterns. The average thicknesses of Ti;C, nanolayers and
Ti;C,-GO nanocomposites were 349.5 nm and 231.7 nm, respectively,
indicating that Ti;C,-GO nanocomposites were better than pure Ti;C,
nanolayers and more conducive to printing specific patterns.

Fig. 6 showed the AFM images of Ti;C, and Ti;C,-GO printed
patterns. In Figs. 6a, 6b, both printed patterns obviously exhibited
a large number of layered morphology, which was very important
for its electrochemical performance. Even after the GO was intro-
duced, the Ti;C, nanolayers retained its original morphology as GO
particles were covered and embedded in the Ti;C, to form a stable
nanocomposites film.>® As shown in Figs. 6¢, 6d, the 3D images pro-
vided a better understanding of the morphology of Ti;C, nanolayers
and Ti;C,-GO nanocomposites. The Ti;C,-GO nanocomposites were
significantly more uniform than Ti;C, nanolayers. This demonstrated
that GO has been modified on the surface of the Ti;C, nanolayers
successfully and improved its printing performance.

Electrochemical characteristics.—The Ti;C,-GO nanocompos-
ites were printed on a conductive substrate (gold foil) and further
used to prepare the electrode for electrochemical detection. The Hb
was applied to the surface of Ti;C,-GO/gold foil electrodes to pre-
pare the Hb/Ti;C,-GO/gold foil electrodes for the detection of H,O,.
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Figure 6. AFM image of printed patterns of Ti3C; (a), Ti3C; -GO (b), and (¢, d) image corresponding to the 3D morphologies.

Fig. 7a showed the CV curves of different electrodes at a scan rate of
0.1 V-s7'in 0.1 M pH 7.0 PBS with 100uM H,0,. There was
no obvious chemical reaction of H,O, on Tiz;C,-GO/gold foil elec-
trodes, indicating that the electrode was electrochemical inactive to-
ward H,O,. The Hb/gold foil electrodes exhibited a couple of sta-
ble and well-defined redox peak at —0.2 V and 0 V vs. Ag/AgCl,
which demonstrated that the Hb/gold foil electrodes were electroac-
tive well for H,O, at the electrochemical system. Compared with
Hb/gold foil electrodes, the Hb/Ti;C,-GO/gold foil electrodes signifi-
cantly promoted the redox reaction. It can be concluded that Ti;C,-GO
nanocomposites can promote the electron transfer better, which may
be due to its special structure and performance.

As shown in Fig. S3, the optimization of the Hb/Ti;C,-GO/gold
foil electrodes were investigated. In Fig. S3(a), the effect of pH value
on the electrochemical behavior of the Hb/Ti;C,-GO/gold foil elec-
trodes were studied. The electrodes were in solutions at different pH
values and the strongest peak current response was observed at pH
7.0 for H,O, detection. The mass ratio of Ti3;C, to GO in Ti;C,-GO
nanocomposites was investigated by DPV curves (Fig. S3b). When
the mass ratio of TizC, to GO nanoparticles changed to 4:6, the peak
current reached its maximum value.

In Fig. 7b, with the increase of the concentrations of H,O,, the DPV
curves sharply increased at —0.08 V, which confirmed that Hb/Ti;C,-
GO/gold foil electrodes contributed significantly to the electrochemi-
cal detection of H,O,. The linear relationship between the peak current
and the logarithm of H,O, concentration can be seen in Fig. 7c, which
showed a line linear equation: I, = 6.20lgc + 42.27 (R? =0.9987), a
dynamic range from 2 uM to 1 mM, and a detection limit of 1.95 uM
(based on the blank and 3SD). The results showed that the Hb/Ti;C,-
GO/gold foil electrodes could maintain the biological activity of Hb
and detect H,O, by DPV means.

To evaluate the practical applicability of the H,O, sensors, H,O,
assays were performed in human serum samples, in Table S2. The
human serum samples were purified by centrifugation and diluted

10-fold with PBS. The relative standard deviation of the three mea-
surements was less than 4.48%, indicating that the H,O, sensor has
excellent accuracy and repeatability and can be used in practical
samples.

The selectivity of the sensors was determined by the eight com-
mon interfering substances such as glucose (Glu), ascorbic acid (AA),
citric acid (CA), dopamine (DA), acetic acid (HAc), oxalic acid(OA),
4-acetamidophenol(APAP) and uric acid (UA) through the DPV
curves. As Fig. 7d shown, compared with H,O,, there was no obvious
response to these interfering substances, which may be attributed to
the intrinsic selectivity of the Hb/Ti;C,-GO/gold foil electrodes to its
substances.

Conclusions

The Ti;C, was successfully prepared by simply etching Al from
Ti3AlC,. Because of the poor stability of Ti;C, slurry, ball milling
and GO were used to improve its stability and performance. Then
we applied inkjet printing technology to fabricate a printed Ti;C,-GO
electrode for H,O, biosensor. During electrochemical characteriza-
tions, the Hb/TizC,-GO/gold foil electrodes displayed a detection
limit of 1.95 uM and a dynamic linear range from 2 uM to 1 mM
for H,0,. The printed sensors also showed excellent performance
in human serum samples. These results demonstrated that the Ti;C,-
GO nanocomposites were suitable for inkjet printing and provided the
low-cost and environmental friendly, highly stable and better perform-
ing sensing electrodes for various applications.
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