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Laser-Induced Colloidal Writing of Organometallic Precursor-Based Repeatable and Fast Pd-Ni Hydrogen Sensor
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The advent of hydrogen economy brings new challenges in terms of safety and sensing with a need for fast and low-cost monitoring of hydrogen concentration. Herein, a repeatable process for the fabrication of Pd-based hydrogen sensor is presented. First, a room-temperature reaction of organometallic precursors yields colloidal Pd/Ni alloyed nanoparticles. This organic solvent-based colloidal dispersion shows stability over months even with a relatively high metal content (≈1 wt %). Then, a laser induced microbubble deposits the nanoparticles in predetermined patterns from a microdroplet dispersion that is placed on a glass slide. An optical microscope monitors the writing process while a multimeter measures the sensor's conductance, assessing the success of the fabrication process. The fabricated sensors demonstrate excellent hydrogen detection performance in terms of response time, signal stability, and detection limit down to 100 ppm of H2 in air at room temperature.

Introduction

The high energy density of hydrogen makes it the most promising and cleanest technology to replace fossil fuels for transportation, besides the more established use of hydrogen in industry. [1][2][3][4] This high energy density comes with a downside in terms of safety, with low minimum ignition energy (0.017 mJ), high combustion heat (142 kJ g-1), wide flammability range (4-75%), and high permeability of hydrogen gas. [3] The transition toward hydrogen economy must include the deployment of hydrogen monitoring and hydrogen sensing which is not straightforward since it is a colorless, odorless, and tasteless flammable gas. There is an obvious need for fast and accurate sensing of H2 generation or accumulation to prevent explosions. Among the diverse sensing techniques, resistive gas sensors display good performance and low cost. Palladium has been investigated as hydrogen sensor material due to its high dissociative absorption of hydrogen. When coupled with semiconductor material, the dissociate hydrogen might affect the semiconductor electron depletion layer resulting with sensing capabilities. [5][6][7][8] During hydrogen absorption, the metallic phase experiences a crystallographic lattice expansion and a conductivity decrease, eventually converting to a semiconductor. [9,10] Charge pathways may also decrease due to cracks in the films after expansion. [11,12] The resistive response, as a function of hydrogen concentration, enables hydrogen sensing as reported in the literature. [13][14][15][16][17] The volume expansion of Pd, upon hydrogen absorption, may lead to another phenomenon that could be used for sensing. In nanogranular systems the volume expansion results in closure of nanogaps and provides new electric pathways thus demonstrating a decrease in resistivity. This phenomenon happens mainly in thin films and nanogap Pd sensors, which show improved sensitivity and response time compared to bulk Pd sensors. [18][19][20][21][22][23][24] Quantum tunneling may also explain the response of nanogap systems, even when the hydrogen absorption does not fully close the gaps. [16] The main drawback of Pd for hydrogen sensing is the hysteresis effect caused by the expansion (mechanical deformation) of palladium hydride during its transition from α to β phase, upon repeated exposure to hydrogen. The fabrication of very thin films partially overcomes this effect, [23,25,26] and the alloying of Pd, mainly with Ni, allows decreasing the hysteresis. [14,27,28] Most of the research in this field during recent years have targeted the fabrication of thin films and/ or alloyed Pd systems, using sputtering, [10][11][12]18,19,25,[28][29][30][START_REF] Peng | MATEC Web Conf[END_REF][START_REF] Zeng | [END_REF] electron-beam evaporation, [9,14,[21][22][23] and pulsed laser deposition [15] techniques. Alongside physical deposition techniques, wet chemical deposition methods, that are known to be low cost and versatile, can yield efficient sensors through electrodeposition [24,33] or colloidal deposition. [34] Colloidal synthesis represents the state-of-the-art in terms of control over all the parameters of nanoparticles (NPs) that could be used to construct the hydrogen sensors. Specifically, organometallic precursors yield NPs under mild conditions of temperature and pressure, giving rise to an accurate control on the kinetics of the NPs formation and growth. [35][36][37] Colloidal methods allow for the formation of composite materials which can be sprayed to form a thin film, like Pd nanocube-graphene, core-shell Pt/Pdgraphene hybrid sensors, [38,39] or Pd nanocube-MWCNTs. [40] The electrophoretic deposition (EPD) method could be used for depositing NPs from a colloidal solution, and has been demonstrated for Pd on InP and GaN. [34,41,42] Other deposition methods rely on applying an electric, [43] magnetic, or acoustic field for the spatial control on the colloids. [44] Alas, these methods are not optimized for formation of on demand arbitrary controlled micropatterns. Localized bottom-up on demand micropatterns could be formed by directing light to specific locations. A laser beam focused on a dispersion of NPs leads to the formation of a microbubble on the substrate due to heating of the solvent. Convective flows around the microbubble carries NPs to its base where some of them are pinned. [45] Moving the focused beam relative to the substrate results in material deposition along a predetermined path. This method is referred to as the laser induced microbubble technique (LIMBT). Lately Armon et al. [46] have shown that modulation of the laser significantly improves the control over the microbubble and the pinning of materials, and could be used for formation of continuous conductive micropatterns. Here we show for the first time how modulated-LIMBT is used to micropattern NPs for fabrication of hydrogen sensors. Herein, we present a repeatable process for the fabrication of Pd-based hydrogen sensors. In the first step, the room-temperature reaction of organometallic Pd and Ni precursors yield a colloidal dispersion of Pd/Ni alloyed NPs. This organic solvent-based colloidal dispersion shows stability over months even with a relatively high metal content (≈1 wt%). Then, using modulated-LIMBT, Pd/Ni NPs are deposited from a microdroplet of the above colloidal dispersion. The NPs are selectively deposited along a predetermined path, thus bridging the gap between two gold pads on top of a glass substrate. The resistivity between the two gold pads changes as a function hydrogen concentration, and these sensors were tested in air at room temperature to assess the sensitivity and reaction time in a real environment.

Results and Discussion

The overall flowchart shown in Figure 1a displays the steps for sensor fabrication: organometallicbased synthesis of Pd-Ni colloids and laser-induced deposition. Figure 1b shows an illustration of the sensing bench-testing system.

PdNi Alloy Colloidal Synthesis and Characterization

The organometallic precursors easily decompose under hydrogen through the hydrogenation of the ligands and release of the metal centers (see Supporting Information). The reaction occurs at low temperature (35 °C) and in a short time (12 min) which enables the homogeneous nucleation of small NPs. The colloidal dispersions are stored without any further treatment or purification. The yield is close to 100% and the colloidal dispersion is stable for months. The metal weight concentration in the dispersion is set to 1 wt%, a relatively high value in the field of metal NPs dispersed in an organic solvent. The long chain alkylamines stabilize the colloidal dispersion for months and facilitate the ability for small particles size. Alkylamines are surfactants that can be easily displaced or removed for the fabrication of the sensors, in contrast to other surfactants which strongly bind to the surface of Pd (for instance alkylthiols).

The NPs are characterized by transmission electron microscopy (TEM) and high-resolution TEM (HRTEM), energy dispersive X-Ray spectroscopy (EDS), and X-ray diffraction (XRD) (Figure 2). The NPs are well dispersed and homogeneous in size (Figure 2a). The particle size dispersion (PSD) is derived from the analysis of 300 particles visualized by TEM, using the ImageJ software. The colloids display a lognormal PSD of 4.6 ± 1.4 nm. The EDS measurements (Figure 2c) on the NPs confirm the initial stoichiometry of the organometallic precursors with a metallic ratio of Pd0.9Ni0.1. The atomic plane spacing (0.222 nm) shown in Figure 2b is very close to pure Pd (0.223 nm), and indicates the formation of a Pd-rich alloy. The XRD shows the presence of a single phase (Figure 2d). The lattice parameters are very close to face centered cubic (FCC) Pd (JCPDS # 05-0681; Fm-3m, a = 3.8902 Å: red lines) and do not show the presence of FCC Ni (JCPDS # 04-0850; Fm-3m, a = 3.5238 Å: blue lines). The two metals form an alloy, as expected from the bulk phase diagram. The very fast decomposition of the organometallic precursors can explain the very small particle size and the formation of a disordered statistical alloy.

Modulated-LIMBT Deposition

First, two gold pads that serve as electrodes with a 3-4 μm gap b m gap between them (Figure S1A, Supporting Information) were formed by dividing a larger gold pad (Figure 1a.2) that was evaporated on a glass substrate. This is achieved by metal dewetting using a 532 nm laser. Then, a micro droplet (10 μm gap b L) of the colloidal dispersion is placed on the electrodes. We use modulated-LIMBT [46,47] in order to bridge the gap between the gold electrodes with the Pd0.9Ni0.1 NPs. The laser beam is focused at the liquid/substrate interface. The colloidal dispersion strongly absorbs the laser beam, causing local temperature increase of the solvent. The solvent's vapor pressure rises until a microbubble is formed. The temperature gradient between the top and bottom of the microbubble leads to formation of two types of convection flows: natural (due to the temperature/density gradient) and Gibbs-Marangoni (due to changes in surface tension). These two convection mechanisms lead to pinning of the NPs at the contact line between the microbubble and the substrate. The motorized stage is set so the deposition occurs along the gap between the electrodes (Figure 3a). The optimization of the LIMBT modulation parameters (power, stage velocity, and duty cycle) was determined by connecting the two Au pads to a multimeter and measuring the conductivity of the deposited material in real time until it reaches a measurable resistance. The resistance between the Au pads monitors the formation of conductive PdNi bridges in situ. The deposited layer was observed by a SEM (Figure 3a) and consists of nanoscale particles visualized by high resolution SEM (Figure 3b). This points at the successful assembly of a conductive layer directly from the Pd0.9Ni0.1 colloidal dispersion, without any further processing. Atomic force microscopy (AFM) gives the height profile of the deposited layer. Figure 3c shows a line-scan along the deposited layer. The average thickness was found to be 360 ± 160 nm. The inhomogeneity in the deposited thickness is due to the sequential deposition of overlapping rings (contact lines between the microbubble and the substrate) that is sometimes observed in deposits of LIMBT. The modulated-LIBMT assisted colloidal fabrication protocol yields sensing layers with a broad range of initial resistivity. The sensors' activation is carried out through exposure to hydrogen [21,24,48] that results in a high increase of the sensors' initial resistance.

Sensing Performances

The sensors were tested in a homemade testing chamber connected to a gas channels system equipped with mass-flow controllers and electrical valves, with an interface to Labview software for automated measurements (Figure 1b). The Au pads were connected with Cu wires and silver paste to a potentiostat. In general, sensors with different morphological and electrical properties require optimization of the working mode (constant current or constant voltage) and a specific set of electrical input parameters. For both working modes the operation voltage and current tuning was initiated at low values and slowly increased in order to achieve maximal response to H2 while preventing Joule heating effects that might result in the sensor's failure. The optimal electrical parameters for the sensor's measurements shown in Figure 4 were set to 7 V for the constant voltage mode and 0.11 mA for the constant current mode. The H2 concentrations in air varied from 4% (the lower limit for explosion in air [2,14,24]) down to 0.15%. The electrical signals obtained were monitored and recorded. The analysis of the results reveals that the response time does not vary with the operation mode. However, the constant voltage mode shows an improved response amplitude with sharpened signals and lower detection limit (Figure 4) when compared with the constant current mode. Therefore, below we report the sensing response using the constant voltage mode, unless stated otherwise. After finding the optimal operation mode, we measured the sensors' response to lower concentrations, in the range of 0.5-0.01% of H2 with a 0.5 V operation bias. The ability to detect lower concentrations than the explosion limit (4% H2) is crucial for safety and is required in all hazard alarms. The results presented in Figure 5a indicate stable and sharp signals obtained while exposing the sensor to low H2 concentrations. While exposed to concentrations above 0.1% H2, the sensor signal displays a slight drift. Exposing to lower concentrations than 0.1% reveal a more stable baseline with longer response/recovery times. Moreover, the sensor's response to 0.01% (100 ppm) of H2 displays a high and sharp amplitude, which might indicate the sensor ability to detect even lower H2 concentration. To test the stability of the signal, the sensor was repeatedly exposed to the edges of the selected concentration range. The sensor's signal for repeated exposure to 0.5% (Figure 5b) and 100 ppm (Figure 5c) H2 does not show a significant drift. The sensor's response is consistent, repeatable, and stable.

Response and Recovery Time Measurements

The response time is defined as the time needed for the sensor to reach 90% of the maximal signal amplitude, while the recovery time is the time needed for the signal to return within 10% from the base line. The layer of NPs is expected to show short response and recovery times due to its high surface area. We calculated the response/recovery times for each concentration tested. Figure 6a shows the response and recovery times for the exposure of the sensor to 0.5% of H2 . The results shown in Figure 6c reveal an inversely proportional behavior to the H2 concentration with a maximum response time of 69 s at 200 ppm followed by a slight decrease at 100 ppm. 0.5% H2 is detected within 31 s and higher H2 concentrations are expected to result in even faster response times. The recovery time shows a similar behavior with a maximum of 156 s for 100 ppm of H2 and a minimal recovery time of 75 s for 0.5% H2 . We modified our testing system in order to measure shorter response and recovery times. Two electric valves were added very close to the testing chamber inlet, one for air flow and one for H2. Both valves were computer controlled and interfaced with Labview. This modification was crucial to avoid any unwanted source of error, arising primarily due to the mass-flow controller (MFC) response/stabilization time and leakage. The addition of the electrical valves allowed us to minimize the gas channel lengths and reach a low measurable gas channel volume. In this configuration, the gas channel volume was 2.5 cc and the flow 100 cc/min. These values were used to calculate the delay time that was found to be 1.5 s and was taken into account when determining short response times. At high H2 concentrations, the constant current operation mode provides faster responses. The current setpoint was 0.1 mA and the measurements were carried out with repeating exposure/washing of H2/Air. Figure 6b presents the response time measurements with different flow rates and 100% H2 and air cycling. The first three H2 exposures were at 100 cc/min followed by three H2 exposures at 50 cc/min. This allows us to study effect of flow rate on the sensor's response time. The results are consistent with a response time of 2.5 ± 0.7s, for 100% H2. Power fitting of the low H2 concentration response times predict very well the high H2 concentration value (Figure 6d). Moreover, it was found there is no significant influence of the flow rate. However, the recovery time increases almost linearly with the flow rate. While the recovery times were in the range of 14-21 s for the 100 cc/min flow, the recovery times were in the range of 34-37 for the lower flow rate. Selected results from the literature can be found in Table S1 and Figure S2 in the Supporting Information.

Sensing Mechanism

There are several sensing mechanisms associated with Pd-based sensors. Two of them can be related to the sensing response observed in this work. Exposing the sensor to H2 leads to the dissociation and absorption of the gas inside the NPs, resulting with two main changes that affect the device's resistance: formation of palladium hydride phase coupled with volume expansion. On one hand, palladium hydride has higher resistance compared with pure Pd, thus, the formation of hydride includes the increase of the device resistance. On the other hand, when working with nanostructures device (like our sensor), volume expansion of the NPs might induce higher contact between neighboring NPs, increasing the electrical percolation in the device, resulting with a conductive response. In our case, the increasing resistance (decreasing current) during exposure to H2 (Figures 4 and5) points at major role of the first mechanism, hydride formation. The proposed mechanism is illustrated in Figure 7.

Conclusion

Herein, we have reported a novel sensor fabrication approach, combining an organometallic-based NPs synthesis followed by modulated-LIMBT deposition. The synthesis is fast and with high yield and the formed colloidal dispersions are stable for months. The modulated-LIMBT deposits the PdNi Nps between two gold pads, thus providing conductive functional sensors. The effective deposition method allows formation of hundreds of sensors even with the small-scale synthesis described. The sensors display excellent sensitivity to a wide range of H2 concentrations with a detection limit below 100 ppm.
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