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A B S T R A C T   

3D-printing technology is widely accepted as a scalable and advanced manufacturing procedure for the fabri-
cation of electrodes for electrochemical applications. 3D-printed carbon-based electrodes can be used for elec-
trochemical analysis, replacing conventional carbon electrodes. However, a bare 3D-printed carbon electrode 
exhibits poor electrochemical performance. Herein, a post-treatment of 3D-printed electrodes was carried out 
using catalytically active materials to improve their electrochemical performance. We used a dip-coating tech-
nique which is a more universal, facile, and cost-effective approach compared with other conventionally used 
techniques such as atomic layer deposition or electrodeposition. The 3D-printed nanocarbon electrodes were dip- 
coated with MXene (Ti3C2Tx) and different transition metal dichalcogenides such as MoS2, MoSe2, WS2, and 
WSe2 to study their catalytic activity towards the hydrogen evolution reaction (HER). This study demonstrates a 
simple method of improving the catalytic surface properties of 3D-printed nanocarbon electrodes for energy 
conversion applications.   

1. Introduction 

3D-printing or additive manufacturing is attracting significant 
attention because it facilitates customized fabrication and rapid proto-
typing with high accuracy [1,2]. Fused deposition modeling (FDM) or 
fused filament modeling (FFM) is a 3D-printing approach in which 
thermoplastic filaments are extruded down the nozzle to print structures 
in a layer-by-layer manner [3,4]. Recently, a commercial conductive 
nanocarbon/polylactic acid (PLA) filament has been widely used for 
FDM 3D-printing and then for electrochemical applications [5–7]. The 
carbon surface of 3D-printed electrodes possesses poor electrocatalytic 
properties. Several methods of depositing catalysts over 3D-printed 
electrodes have been developed, including atomic layer deposition 
(ALD) [8], electrodeposition [9] and spray coating [10]. ALD requires 
specialized and expensive equipment, and is not suitable for rapid, low- 
cost manufacturing of 3D-printed electrodes. In addition, precursors for 
ALD deposition are limited, and thus not all required materials can be 

deposited on ALD electrodes. Electrodeposition of catalysts again re-
quires precursor materials [9], which in many cases are not available. 
We thus turned to a proven technique of modifying surfaces with any 
electrocatalytic material, which is dip-coating [11,12]. 

Herein, we report the facile, cost-effective, binder-free dip-coating of 
a 3D-printed nanocarbon electrode in a slurry of MXene (Ti3C2Tx) and 
transition metal dichalcogenides (MoS2, MoSe2, WS2, and WSe2) for the 
hydrogen evolution reaction (HER). The modified electrodes are char-
acterized by scanning electron microscopy (SEM), energy dispersive X- 
ray (EDX) spectroscopy, and the electrocatalytic activity of the dip- 
coated 3D-printed nanocarbon electrodes is assessed via linear sweep 
voltammetry (LSV) and chronoamperometry measurements. This dip- 
coating of electrocatalytic active materials over 3D-printed nano-
carbon electrodes represents a simple and user-friendly approach to-
wards energy conversion applications. 
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2. Experimental section 

2.1. Materials and methods 

N,N-Dimethylformamide (DMF), ethanol, sulfuric acid (H2SO4), 
molybdenum sulfide (MoS2), molybdenum selenide (MoSe2), tungsten 
sulfide (WS2), and tungsten selenide (WSe2) were purchased from 
Sigma-Aldrich, Germany. MXene (Ti3C2) ceramic aqueous paste was 
purchased from Y-carbon, Ukraine. All chemicals were of analytical 
grade and used as received. The conductive graphene/polylactic acid 
(PLA) filament was procured from Graphene Laboratories Inc., New 
York, USA. 

2.2. Preparation of 3D-printed electrodes 

The electrodes were designed using Autodesk Fusion 360 software 
and then printed using a Prusa i3 MK3s printer (Prusa Research, Czech 
Republic). The commercial graphene/PLA filament was extruded down 
the nozzle (Olsson Ruby-tipped 0.6 mm, 3DVerkstan, Sweden) at a 
temperature of 220 ◦C with a bed temperature of 60 ◦C. The 3D-printed 
electrodes were then activated to improve their conductivity by 
immersing in DMF for 4 h and rinsed with ethanol and water to remove 
the insulating PLA [13–16]. The electrodes were then dried in an oven at 
65 ◦C for 2 h and used for dip-coating. 

2.3. Dip-coating of 3D-printed nanocarbon electrodes 

Initially, slurries of MXene (Ti3C2Tx) and the TMDs (MoS2, MoSe2, 
WS2, and WSe2) were prepared by adding 50 mg of the sample to 200 μL 
of DMF and bath sonicating for 30 min. The activated 3D-printed 
nanocarbon electrodes (3D-CEs) were then dipped into the respective 
slurry at room temperature for 3 h, as depicted in Scheme 1. The final 
electrodes were dried and subjected to morphological and electro-
chemical characterization. These dip-coated 3D-printed electrodes are 
referred to as Ti3C2Tx@3D-CE, MoS2@3D-CE, MoSe2@3D-CE, 
WS2@3D-CE, and WSe2@3D-CE in later sections. 

2.4. Characterization 

The surface morphology of the dip-coated activated 3D-printed 
nanocarbon electrodes was studied using SEM, TESCAN LYRA 3. The 
elemental composition and mapping were examined using an EDX de-
tector (BRUKER XFlash 5010) attached to the SEM. The electrochemical 
measurements were carried out using a potentiostat (PGSTAT 204, 

Metrohm Autolab, Netherlands) operated by NOVA 2.1 software, where 
the dip-coated 3D-printed nanocarbon electrode (activated) was used as 
the working electrode (WE), with a platinum wire as the counter elec-
trode (CE), and Ag/AgCl (1 M KCl) as the reference electrode (RE) in 0.5 
M H2SO4 electrolyte. The specific current (mA/g) was calculated by 
dividing the current (mA) by the amount of active material (in grams) 
deposited on the electrode surface. The mass of the deposited material 
was calculated by measuring the mass of the nanocarbon electrodes 
before and after the dip-coating. All electrochemical measurements 
were carried out at ambient conditions in the open air and no other 
special conditions were used. 

3. Results and discussion 

The FDM technique was employed to fabricate a 3D-printed nano-
carbon electrode using a commercial graphene/PLA filament followed 
by surface activation using DMF to improve the conductivity of the 
electrode surface [13,16,17,22]. The activated electrodes were then dip- 
coated in a slurry of layered materials as shown in Scheme 1. 

A SEM image of the solvent-activated 3D-printed nanocarbon elec-
trodes, which were subsequently used as substrates for dip coating, is 
shown in Fig. S1. The dip-coating method enables a binder-free coating 
of active materials to be achieved, due to the physisorption of layered 
materials on the surface of the 3D-printed electrode. An SEM micro-
graph and EDX spectrum of Ti3C2Tx@3D-CE are shown in Fig. 1A and B, 
respectively. It was found that the surface of the dip-coated 3D-printed 
nanocarbon electrode was attached with Ti3C2Tx layers. . The EDX 
spectral analysis confirms the presence of titanium, carbon, oxygen, 
aluminum, fluorine, and chlorine with atomic percentages of 39.96, 
23.65, 18.46, 9.57, 7.70, and 0.67%, respectively, over the surface of the 
dip-coated electrode (Fig. 1B). The presence of F and O on the electrode 
surface was ascribed to surface terminations (–F and –OH) from the 
processing of the original MAX phase to MXene [18–20]. The EDX 
mapping images shown in Fig. 1(C–H), further confirm the presence of 
the constituent elements Ti, C, O, F, Al, and Cl. 

SEM micrographs of the dip-coated nanocarbon electrodes 
MoS2@3D-CE, MoSe2@3D-CE, WS2@3D-CE, and WSe2@3D-CE are 
shown in Fig. 2A–D, respectively. It was found that the microparticles 
are deposited on top of the electrode surfaces in each type of electrode. A 

Scheme 1. Schematic representation of the dip-coating of activated 3D-printed 
nanocarbon electrode in a slurry of MXene or TMDs. 

Fig. 1. (A) SEM, (B) EDX spectra of dip-coated MXene (Ti3C2Tx) on the 3D- 
printed nanocarbon electrode surface (* background peak), (C–H) EDX map-
ping of the individual elements Ti, C, O, F, Al, and Cl. 
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spectral analysis was conducted to investigate the surface composition 
of the dip-coated nanocarbon electrodes using EDX spectroscopy for 
MoS2@3D-CE, MoSe2@3D-CE, WS2@3D-CE, and WSe2@3D-CE surfaces 
as depicted in Fig. 2I, II, III, and IV, respectively. The elemental com-
positions of the dip-coated electrodes are shown in Table S1. 

Linear sweep voltammetry (LSV) was used to study the catalytic 
activity of the dip-coated 3D-printed nanocarbon electrodes through the 
hydrogen evolution reaction (HER) in acidic medium (0.5 M H2SO4), as 
shown in Fig. 3. The measurements were carried out in a potential range 
of 0 to − 1.1 V at a scan rate of 5 mV s− 1 to study the HER. The bare 3D- 
CE tends to be a poor catalyst for the HER, as shown in Fig. 3. 

The activated dip-coated nanocarbon electrodes showed improved 
catalytic performance. It was found that for Ti3C2Tx@3D-CE, the po-
tential required to attain a current density of − 200 mA g− 1 was − 0.481 
V. In the case of the TMD-based active catalysts, to reach − 200 mA g− 1 

of current density the required potential was − 0.620 and − 0.496 V for 
MoS2@3D-CE and MoSe2@3D-CE, respectively, while for WS2@3D-CE 
and WSe2@3D-CE the required potential was − 0.622 and − 0.496 V, 
respectively. This demonstrates that dip-coating MXene (Ti3C2Tx) and 
TMD (MoS2, MoSe2, WS2, and WSe2) over 3D-CE modifies the electrode 
in such a way that it acts as an active catalyst material. The HER 

measurements of the modified 3D-CEs were analyzed using the Tafel 
equation η = b log|j| + a, where η is the overpotential, j is the specific 
current and b is the Tafel slope [21]. Tafel slopes determine rate-limiting 
steps of the HER measurements. The Tafel slope values were found to be 
316 mV dec-1 for MXene@3D-CE and 335 and 260 mV dec-1 for 
MoSe2@3D-CE and WSe2@3D-CE, respectively. In the case of 
MoS2@3D-CE and WS2@3D-CE, very high Tafel slopes of 647 and 970 
mV dec-1, respectively, were attained (Fig. S2). In short, MXene-coated 
3D-CE exhibits a low overpotential compared to the TMDs taken for 
analysis. Dip-coating of 3D-CEs with sulfide-based transition metals 
(MoS2 and WS2) produced high overpotentials and very high Tafel slope 
values when compared to the selenides of Mo and W. Furthermore, the 
stability of the electrodes was evaluated using the chronoamperometry 
measurement continuously for 2.5 h in 0.5 M H2SO4. Using the data 
obtained from the LSV measurement, a constant potential was applied to 
the electrodes based on the potential observed at the specific current of 
− 200 mA g− 1. From the chronoamperometry measurement, the specific 
current versus time plot is drawn for all the electrodes up to 150 min, 
leaving an initial stability time of 5 min. (Fig. S3). The electrodes were 
found to be stable throughout the test while MoS2@3D-CE showed some 
degradation which is in line with results previously reported by our 
group [10]. The small fluctuations in the specific current may be due to 
the detachment of H2 gas from the surface of the electrode and not the 
materials themselves. The electrode performance is stable and the ma-
terial is present on the electrode surface even after the electrochemical 
reactions, confirming a good affinity between the active material and 
the activated electrode (Fig. S4). This technique is shown to be a simple 
and scalable prototype method for catalytically activating the nano-
carbon electrode surface using active layered and 2D materials for en-
ergy conversion purposes. 

4. Conclusions 

In summary, we have demonstrated a universal, fast, cost-effective 
approach for developing binder/surfactant-free modified 3D-printed 
electrodes for electrochemical applications. Dip-coating of activated 
3D-printed nanocarbon electrodes in a slurry of titanium carbide 
(MXene) and transition metal dichalcogenides (TMDs) improved the 
catalytic property of the electrodes, as demonstrated for the hydrogen 
evolution reaction (HER). This method of fabricating a catalytically 
active 3D-printed nanocarbon electrode surface can be used to coat a 
variety of substrates, and may be adopted for various electrochemical 
applications in the future. 

Fig. 2. SEM and EDX spectra of dip-coated electrodes (A, I) MoS2@3D-CE; (B, 
II) MoSe2@3D-CE; (C, III) WS2@3D-CE; (D, IV) WSe2@3D-CE; (* back-
ground peak). 

Fig. 3. LSV measurements using the various dip-coated electrodes.  
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