Christopher Choi 
  
Kevin Robert 
  
Grace Whang 
  
Pascal Roussel 
  
Christophe Lethien 
email: christophe.lethien@univ-lille.fr
  
Bruce Dunn 
email: bdunn@ucla.edu
  
  
  
  
Photopatternable hydroxide ion electrolyte for solid-state micro-supercapacitors

Keywords: Solid electrolytes, hydroxide-ion electrolytes, photopatternable electrolytes, on-chip energy storage, 20 micro-supercapacitors

ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

Advances in electrochemical energy storage (EES) technology have changed the landscape of the portable electronics industry and the electric vehicle market in the past decade and are on the same track for enabling the 'Internet of Things' (IoT). 1 A robust, high-energy and high-power micropower system is a key technology for the future development of micro/nano electronics, such as nanorobotics, microelectromechanical systems (MEMS), environmental sensors, and connected smart electronics. 2,3 However, the power sources for these devices often become the limitation in achieving the small formfactor required by miniaturized electronics because energy-storage components scale down poorly in size. It is well known that miniaturization of electrochemical energy storage (EES) system devices such as batteries and capacitors have lagged far behind Moore's Law and that improvements of only about 10%/year have been achieved. 4 A brief overview of miniaturized EES that use various fabrication methods is presented in the SI and summarized in Table S1. Of particular interest for the current research is the development of integrated on-chip EES to power miniaturized electronic devices. Such a technology holds significant promise towards enabling the IoT and further enhancing the distribution and utilization of sustainable energy. To achieve this goal, however, there needs to be an appropriate chemistry where EES components, i.e. the anode, cathode, and solid electrolyte, can be formed and defined spatially through the very techniques that are utilized in achieving high-resolution patterns in the semiconductor industry. 5,6 In recent years, there have been substantial efforts at fabricating EES devices using semiconductor processing fabrication methods. This research includes on-chip micro-supercapacitors (MSC) [7][8][9][10] and multi-dimensional batteries. 5,[11][12][13] Some devices have demonstrated areal energy densities (> 1 mWh cm -2 ) or power densities (> 5 mW cm -2 ) that are comparable to those of bulk-scale EES systems. However, these micropower sources use liquid electrolytes which are not compatible with on-chip integration because of the inability to spatially confine a liquid. There is, therefore, a critical need to develop solid electrolyte materials which would enable the fabrication of micropower sources using semiconductor processing methods. Typical solid electrolytes for miniaturized MSC devices consist of an ionic salt solvated in polymeric or inorganic solid host materials. The most popular solid electrolytes being explored for supercapacitors use aqueous electrolytes embedded in polymer hydrogels such as poly(vinyl alcohol) (PVA), poly(ethylene oxide) (PEO), and poly(acrylic acid) (PAA). [14][15][START_REF] Dubal | Towards flexible solidstate supercapacitors for smart and wearable electronics[END_REF][START_REF] Alipoori | Review of PVA-based gel polymer electrolytes in flexible solid-state supercapacitors: Opportunities and challenges[END_REF] A representative system is KOH in PVA, which exhibits an ionic conductivity exceeding 10 -2 S cm -1 at room temperature. Ionogel electrolytes, based on the incorporation of an ionic liquid such as 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [EMIM][TFSI] encapsulated in SiO2 or polyvinylidene fluoride, constitutes another class of solid electrolyte that is used in supercapacitors. [START_REF] Bideau | Ionogels, ionic liquid based hybrid materials[END_REF] This nonaqueous solid electrolyte exhibits an electrochemical window up to 2.5 V in MSCs, although its ionic conductivity at ambient temperatures ( 10 -3 to 10 -4 S cm -1 ) is lower than aqueous systems due to slow diffusivity of the bulky ions. [START_REF] Asbani | Reflow Soldering-Resistant Solid-State 3D Micro-Supercapacitors Based on Ionogel Electrolyte for Powering the Internet of Things[END_REF] Both of these systems represent gel-type electrolytes whose utilization in advanced devices is restricted by several concerns including poor mechanical integrity and fabrication difficulties which limit their integration with high resolution devices. [START_REF] Beidaghi | Capacitive energy storage in micro-scale devices: recent advances in design and fabrication of micro-supercapacitors[END_REF][START_REF] Ashby | Patternable, SolutionProcessed Ionogels for Thin-Film Lithium-Ion Electrolytes[END_REF] In this paper, we describe the development of a hydroxide-conducting photopatternable solid electrolyte that possesses a high room temperature ionic conductivity of 10 mS cm -1 along with excellent thermal stability and mechanical integrity. This material represents one of the very few photopatternable solid electrolytes reported to date and, to the best of our knowledge, is the first one to exhibit hydroxide ion conduction. This solid-state electrolyte, and especially its ability to be photopatterned, enables interdigitated MSC to be fully fabricated by semiconductor processing methods. We demonstrate the application of the hydroxide-conducting photopatternable solid electrolyte by integrating it with VN interdigitated electrodes, leading to the fabrication of high-resolution, high performance solid-state VN MSC devices. In addition to demonstrating individual MSC devices, we characterize tandem device architectures which lead to increased cell voltages and total currents beyond what is available with individual devices.

Results and Discussion

Our approach to creating photopatternable solid electrolyte materials involves modifying the chemistry of commercial SU-8 photoresists to achieve ion transport without compromising its photopatterning functionality. We previously demonstrated this general methodology enabling the development of lithiumion conducting photopatterned electrolytes with sub-100 μm resolution. 6 In the research reported here, the particular challenge in achieving hydroxide-ion conduction is the hydrophobic nature of the SU-8 photoresist. Our synthesis strategy for preparing the photopatternable hydroxide-conducting solid electrolyte involved two steps. First, the cationic polymerizable 1-Allyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [AMIM][TFSI] was grafted onto the SU-8 polymer matrix. This was followed by anion exchange to incorporate hydroxides (Figure 1a, S1). The resulting electrolyte system consists of the SU-8 host material that provides the photopatterning capability while hydroxides in the polymerizable ionic liquid phase provide the charge-carrying hydroxide ions required for the VN redox process (Figure 1b). Ionic liquid [AMIM][TFSI] grafted SU-8 polymer was successfully photopatterned using a photomask with cylindrical features 100 μm in diameter (Figure S1). This signifies that the photopatterned solid electrolyte material can be paired with any miniaturized EES systems that are 10 x 10 μm 2 in size. The photopatterned electrolyte was further characterized using energy-dispersive X-ray spectroscopy (EDS). The presence of ionic liquid constituents (sulfur and fluorine) in the photopatterned structure confirms that the photopatternable polymer matrix encapsulates the ionic liquid (Figure S1b). After the anion exchange process with hydroxides, only trace amounts of fluorine and sulfur were detected (Figure S1c).

The lithography-assisted crosslinking between polymerizable cations and SU-8 matrix was verified by analyzing Fourier transform infrared (FT-IR) spectra. The disappearance of the vinyl group at 1648 cm -1 (stretching vibration of C=C) upon polymerization indicates that vinyl groups are participating in the photopolymerization process (Figure S2a). The grafting of polymerizable ionic liquids was further confirmed by evaluating the solubility of the ionic liquid phase using an IL miscible solvent (i.e. acetone or ethanol). In general, for a given ionogel system, ionic liquids contained in the host network are readily soluble in certain solvent media. [START_REF] Bideau | Ionogels, ionic liquid based hybrid materials[END_REF][START_REF] Ashby | Patternable, SolutionProcessed Ionogels for Thin-Film Lithium-Ion Electrolytes[END_REF] However, it is evident in the infrared spectra in Figure S2b that polymerizable cations in the [AMIM][TFSI] ionic liquid are covalently bonded to the SU-8 matrix and are no longer soluble. Once grafting of the cation was confirmed, the mobile TFSI -anions were exchanged with OH -in 1M KOH (aq.). The approximate concentration of hydroxide anions in [AMIM][OH]/SU-8 electrolyte is calculated to be 1.8M based on the total volume of the electrolyte with the assumption that TFSI -anions are fully substituted. The anion exchange process in the ionic liquid grafted SU-8 electrolyte was assessed by observing changes in the characteristic peaks (Figure 2a) ascribed to TFSI -anion (Table S2) and OH -anion (3200-3400 cm -1 ). It is also clear that the IR absorbance bands assigned to the imidazolium cation (752, 1432, 1464 cm -1 ) are still present after the TFSI -anions are exchanged.

We validated the mobility of OH -transport in the photopatternable [AMIM][OH]/SU-8 material by using it as a solid electrolyte which leads to charge storage in NiCo2O4. This transition metal oxide is well known for undergoing redox reactions with hydroxide anions through the following mechanisms [START_REF] Umeshbabu | Urchin and sheaf-like NiCo 2 O 4 nanostructures: Synthesis and electrochemical energy storage application[END_REF][START_REF] Ding | A facile and cost-effective synthesis of mesoporous NiCo2O4 nanoparticles and their capacitive behavior in electrochemical capacitors[END_REF] :

NiCo2O4 + OH -+ H2O ↔ NiOOH + 2CoOOH + e - (1) 
CoOOH + OH -↔ CoO2 + H2O + e - (2) 
In this experiment, a 10 μm film of the [AMIM][OH]/SU-8 solid electrolyte was coated and polymerized on the NiCo2O4 electrode. The CV curves for this system were compared to those for the same NiCo2O4 material in 1M KOH (Figure S3). The similarity in redox potential, peak current response, and observed gravimetric capacities (89 vs 92 mAh g -1 at 10 mV s -1 ) for NiCo2O4 samples tested in patternable solid electrolyte and 1M KOH control liquid electrolyte, confirms that hydroxide ion transport occurs in the patternable electrolyte. This observation was consistent over a range of sweep rates (1, 2, 5, 10 mV s -1 ), suggesting that the [AMIM][OH]/SU-8 not only facilitates OH -transport but also provides a coherent electrode/electrolyte interface. These attributes are among the most vital electrochemical features for solid electrolytes.

The thermal stability of the electrolyte was determined using thermogravimetric analysis (TGA) as shown in Figure 2b. In view of possible heating effects associated with high power operation, thermal stability of the electrolyte can be a potential concern. The photopatterned electrolyte is quite stable as it showed no appreciable weight loss to temperatures above 300 o C in the TG profile. In contrast, the unmodified SU-8 photoresist begins to undergo thermal decomposition below 200 o C (Figure S4a). One other feature of the solid-like behavior of [AMIM][OH]/SU-8 is that there is only a nominal change in the mechanical integrity after heat treatment (Figure S4b). The noticeable increase in thermal stability is attributed to the grafting of the thermally stable [AMIM]-based ionic liquid with the SU-8 matrix. Overall, the results showed excellent thermal stability with about 5 % weight loss by 320 o C.

The mechanical properties of the patternable solid electrolyte films were evaluated using nanoindentation measurements (Figure 2c). The mechanical integrity of the solid electrolyte is important for maintaining good contact with the electrodes and preventing electrical shorts. Prior to the ionic liquid grafting, the SU8 film demonstrates a high elastic modulus of 5.1 GPa. Upon incorporation of the polymerized ionic liquid phase, the elastic modulus value was reduced to 230 MPa. Nonetheless, the [AMIM][OH]/SU-8 ionogel electrolyte is far more rigid and dimensionally stable than that of the PVA/KOH gel electrolyte (3.75 MPa) and other gel electrolytes including PAA/KOH and polyacrylamide(PAM)/KOH. [START_REF] Wu | Preparation and characterization of PVA/PAA membranes for solid polymer electrolytes[END_REF][START_REF] Tran | Effects of Crosslinker Concentration in Poly(Acrylic Acid) KOH Gel Electrolyte on Performance of Zinc Air Batteries[END_REF][START_REF] Cao | Planar all-solid-state rechargeable Zn-air batteries for compact wearable energy storage[END_REF] To put this into perspective, the elastic modulus of 230 MPa (compressive) exceeds the 100 MPa elastic modulus requirement (tensile) identified for commercial Li-ion battery separators to possess sufficient mechanical integrity during battery manufacturing. [START_REF] Zhang | A review on the separators of liquid electrolyte Li-ion batteries[END_REF][START_REF] Kalnaus | Mechanical behavior and failure mechanisms of Liion battery separators[END_REF] It is also important to reiterate that none of these other electrolytes have demonstrated photopatterning and thus, it is not possible to use these electrolytes to achieve the high spatial resolution that is required for on-chip integration.

One of the most favorable hydroxide-redox electrode materials for MSCs is VN. The material possesses high electronic conductivity (1.6 x 10 4 S cm -1 ) with a high rate surface redox electrochemical response (Figure S5). [START_REF] Choi | Fast and Reversible Surface Redox Reaction in Nanocrystalline Vanadium Nitride Supercapacitors[END_REF] The preparation strategies and electrochemical characterization of interdigitated VN MSCs have been reported recently. [START_REF] Robert | Novel insights into the charge storage mechanism in pseudocapacitive vanadium nitride thick films for high-performance on-chip micro-supercapacitors[END_REF] These MSC devices, however, were based on using a KOH aqueous electrolyte which is not compatible with on-chip integration because of the inability to spatially confine a liquid. The high-resolution photopatterning capability of [AMIM][OH]/SU-8 combined with interdigitated VN devices enables the integration of a solid-state MSC at the point-of-load and leads to in-series and/or in-parallel device configurations in a defined area.

The high electronic conductivity of the VN film allows it to be used as a blocking electrode in characterizing the impedance of the [AMIM][OH]/SU-8 ionogel electrolyte. Two-and three-electrode cells were used to compare the impedance of the ionogel electrolyte with that of 1M KOH. For the former, a 10 μm film of the ionogel electrolyte was patterned directly on VN electrodes. This thickness is comparable to the interlayer gap spacing distance used in the MSC interdigitated devices (vide infra). The Nyquist plot (Figure 3a, S8a) indicates that both electrolytes display a low series resistance with a low frequency capacitive tail. Despite the relatively low ionic conductivity of the patternable solid electrolyte compared to that of 1M KOH liquid electrolyte (σ ~ 0.5 S cm -1 ), the near-identical trend in impedance spectra highlights the effectiveness of high-resolution spatial control that can be achieved by [AMIM][OH]/SU-8 patterning. The room temperature ionic conductivity at 25 °C for the hydroxide conducting patternable solid electrolyte is calculated to be 10 mS cm -1 which represents a comparable or higher ionic conductivity than that of previously reported hydroxide-conducting electrolytes, such as PVA/KOH, PEO/KOH, and PAM/tetraethylammonium hydroxide. [START_REF] Yang | All solid-state electric double-layer capacitors based on alkaline polyvinyl alcohol polymer electrolytes[END_REF][START_REF] Lewandowski | Supercapacitor based on activated carbon and polyethylene oxide-KOH-H2O polymer electrolyte[END_REF][START_REF] Gao | Alkaline quaternary ammonium hydroxides and their polymer electrolytes for electrochemical capacitors[END_REF][START_REF] Li | Investigation of polyacrylamide based hydroxide ion-conducting electrolyte and its application in all-solid electrochemical capacitors[END_REF] Although PVA/KOH is the most widely used hydroxideconducting electrolyte for solid supercapacitors, 15,[START_REF] Alipoori | Review of PVA-based gel polymer electrolytes in flexible solid-state supercapacitors: Opportunities and challenges[END_REF] there has been only modest improvement in its electrochemical and physical properties since the adoption of PVA hydrogel chemistry. Additionally, the ionic conductivity of the [AMIM][OH]/SU-8 ionogel electrolyte is as much as 5 times higher than another polymer based ionogel, [EMIM][TFSI]/PVDF, which was incorporated in 3D MSCs with MnO2 pseudocapacitive electrodes. [START_REF] Asbani | Reflow Soldering-Resistant Solid-State 3D Micro-Supercapacitors Based on Ionogel Electrolyte for Powering the Internet of Things[END_REF][START_REF] Yang | Physically CrossLinked Homopolymer Ion Gels for High Performance Electrolyte-Gated Transistors[END_REF] It is also interesting to note that the room temperature conductivity value for the hydroxide ion conducting electrolyte is comparable to that of conventional nonaqueous liquid electrolytes based on quaternary ammonium salts and lithium-ion compounds. [START_REF] Ue | Electrochemical Properties of Organic Liquid Electrolytes Based on Quaternary Onium Salts for Electrical Double Layer Capacitors[END_REF] Figure 3b compares the Bode plots for the [AMIM][OH]/SU-8 solid electrolyte and the 1M KOH. The characteristic time constants for the two samples were about 8.0 s for the liquid electrolyte and 12.6 s for the patterned ionogel electrolyte, signifying that shorter charge/discharge times may lead to a kinetically limited electrochemical response. Nonetheless, the fact that it is possible to fabricate high spatial resolution patterns of this solid electrolyte with only a small difference in transient response time compared to standard 1M KOH, is very impressive.

A series of experiments was carried out in which the photopatternable [AMIM][TFSI]/SU-8 served as the electrolyte for sputtered VN films, thus enabling the electrochemical properties to be determined. The asprepared VN films exhibit strong preferential crystalline orientation in the (111) direction (Figure S6a) and faceted growth (Figure S6b,c). The intercolumnar porosity from this faceted morphology enables electrolytes in their liquid phase to penetrate throughout the structure (Figure S6d,e, S7). After the [AMIM][TFSI]/SU-8 ionogel electrolyte was patterned directly on top of the planar VN and polymerized, the uniform penetration of the electrolyte was verified by an EDS elemental mapping image (Figure S7), showing that fluorine and sulfur signals originating from the ionic liquids are present throughout the VN layer. The cross-sectional SEM image in Figure S6c indicates that the as-prepared VN electrode thickness was about 5 μm. The surface composition of the VN film, probed by the X-ray photoelectron spectroscopy (XPS) analysis (Figure S6f), is consistent with other VN systems reported in the literature. [START_REF] Choi | Fast and Reversible Surface Redox Reaction in Nanocrystalline Vanadium Nitride Supercapacitors[END_REF][START_REF] Robert | Novel insights into the charge storage mechanism in pseudocapacitive vanadium nitride thick films for high-performance on-chip micro-supercapacitors[END_REF] The charge storage properties of sputtered VN films using the photopatternable solid electrolyte were evaluated in both planar and interdigitated configurations. Linear sweep voltammetry experiments displayed no evidence of electrolyte decomposition between -1.2 and 0.2 V (vs. Hg/HgO) for the photopatternable [AMIM][OH]/SU-8 electrolyte (Figure S4c). The cyclic voltammogram (CV) responses of solid electrolyte patterned VN exhibits the ideal quasi-rectangular capacitive response between 5-20 mV s -1 sweep rates over 0.6 V window (Figure 3c). As discussed in previous studies, this pseudocapacitive charge storage behavior arises from redox properties associated with the reduction and oxidation of vanadium between V 3+ and V 4+ occurring at the surface or near surface of the VN. [START_REF] Robert | Novel insights into the charge storage mechanism in pseudocapacitive vanadium nitride thick films for high-performance on-chip micro-supercapacitors[END_REF] Because the electrolyte penetrates the intercolumnar pore network of VN prior to polymerization, the resulting solid electrolyte is in contact with the redox active VN material throughout the entire film and not just at the surface of the film. At a sweep rate of 5 mV s -1 , the VN coated with the solid-state electrolyte achieves an areal capacitance of about 0.43 F cm -2 which corresponds to 860 F cm -3 based on the electrode volume. This areal capacitance is comparable to those reported for CDC films and Ti3C2Tx electrodes tested in liquid electrolyte (1M H2SO4). 7,[START_REF] Ghidiu | Conductive twodimensional titanium carbide 'clay' with high volumetric capacitance[END_REF] That is, the solid-state VN electrode exhibited an areal capacitance that exceeds or is on par with high performance supercapacitor materials tested in liquid electrolytes. Moreover, up to a sweep rate of 50 mV s -1 , the areal capacitance for VN electrodes with either KOH or solid-state electrolytes are comparable (Figure 3d). Above this sweep rate, the capacitive signature starts to deviate from the ideal shape for both the liquid and solid electrolytes (Figure 3c andS8b). This response can be associated with the fact that the sweep rate of 50 mV s -1 corresponds to a 12s charge / discharge cycle time, which matches the characteristic time constant obtained from the Bode plot for the solid electrolyte. The VN electrode paired with the [AMIM][OH]/SU-8 patternable electrolyte also demonstrates excellent long-term cyclability, retaining about 80% of the initial capacitance at 10 mA cm -2 by the 10,000 th cycle (Figure 3e).

VN interdigitated microdevices were fabricated at the wafer-level as described in the SI (Figure S9a). Figure S9b and Table S3 illustrate the important device parameters for interdigitated cells and fabrication approaches to achieve solid-state microdevices. CV profiles (Figure 4c) of a solid-state interdigitated MSC showed well-defined capacitive behavior over a wide range of scan rates (20 to 200 mV s -1 ). The areal capacitance of the cell was calculated to be almost 250 mF cm -2 at a scan rate of 20 mV s -1 and an individual solid-state MSC device was capable of delivering about 10 μWh cm -2 in the range of 1-10 mW cm -2 . This level of areal capacitance for the solid-state VN MSC is comparable to other interdigitated MSCs tested in liquid electrolytes, including both carbon-based 7 and pseudocapacitive systems (Table S4). 9,[START_REF] El-Kady | Engineering three-dimensional hybrid supercapacitors and microsupercapacitors for highperformance integrated energy storage[END_REF][START_REF] Tian | Multifunctional Nanocomposites with High Strength and Capacitance Using 2D MXene and 1D Nanocellulose[END_REF][START_REF] Li | Cladding nanostructured AgNWs-MoS2 electrode material for high-rate and long-life transparent in-plane microsupercapacitor[END_REF] The capacitive behavior of this solid-state microdevice was further studied through galvanostatic measurements at current densities from 2 to 50 mA cm -2 (Figure 4d). The galvanostatic profiles at all current densities demonstrated linear behavior, which is a defining feature of a pseudocapacitive material. [START_REF] Choi | Achieving high energy density and high power density with pseudocapacitive materials[END_REF] Figure 4h shows a Ragone plot comparing the performance of solid-state VN MSC to other solid-state MSC devices paired with solid electrolytes such as PVA based hydrogels and silica ionogels. [START_REF] Asbani | Reflow Soldering-Resistant Solid-State 3D Micro-Supercapacitors Based on Ionogel Electrolyte for Powering the Internet of Things[END_REF][START_REF] El-Kady | Scalable fabrication of high-power graphene microsupercapacitors for flexible and on-chip energy storage[END_REF][START_REF] Wang | High-performance all solid-state microsupercapacitor based on patterned photoresist-derived porous carbon electrodes and an ionogel electrolyte[END_REF][START_REF] Wang | Silicon-Based 3D All-Solid-State Micro-Supercapacitor with Superior Performance[END_REF][START_REF] Brousse | Facile and Scalable Preparation of Ruthenium Oxide Based Flexible Micro Supercapacitors[END_REF] The results show that VN MSC with the [AMIM][OH]/SU-8 electrolyte achieves better performance in terms of areal energy and power densities compared to previously reported solid-state MSC systems. Moreover, it is important to emphasize that all components of the solid-state VN MSC are defined spatially via lithography, thus enabling miniaturized arrays to be formed in a tiny form factor.

To demonstrate the advantages of semiconductor-based processing, we tested 'tandem' MSC microdevices. These interdigitated structures are connected in series and/or parallel configurations using VN layers (without any external wires or deposition of metals) to increase the working cell voltage and/or total current response of an integrated microdevice (Figure 4 e-g). The ability to integrate multiple MSCs in a small footprint area is achieved because spatial control of the photopatternable hydroxide-conducting solid electrolyte effectively prevents leakage current between individual MSC devices. The tandem microdevice in a series configuration demonstrated reliable cycling over a 1.2 V window, twice the voltage of a single MSC device. Accordingly, the total capacitance for the tandem device increased to over 11 mF. As expected, a parallel configuration provided twice the current response compared to a single MSC device. Capacitive behavior was maintained throughout a 0.6 V window in both cyclic voltammetry and galvanostatic experiments, producing a total current above 1 mA. Unfortunately, the circuit layout for the microfabricated wafer did not allow us to evaluate more than four devices in either parallel or series configuration. Nonetheless, these electrochemical measurements made on tandem VN-MSC microdevices confirm that the cell voltage range and total current output of MSC devices can be tailored easily by modifying the device configurations. Considering that all components in this solid-state tandem energy storage system are fully processed with semiconductor-based fabrication techniques, the approach shown here provides the basis for achieving miniaturized energy-storage systems that can be incorporated with densely packed integrated circuits without compromising their electrochemical properties.

It is interesting to consider the prospect of using miniaturized EES systems to power IoT devices. In particular, to power a sensor node platform (MICA2 and IMote2), as an example, an average power consumption for these sensor nodes are 3 and 12 mW with the peak power requirement of 60 and 250 mW, respectively. [START_REF] Hancke | The Role of Advanced Sensing in Smart Cities[END_REF] It becomes clear that a single 4 mm 2 solid VN MSC device that is capable of delivering 110 mW cm -2 is still far below the power requirements for commercial sensor nodes, especially with regard to the limited energy density it provides (~ 10 μWh cm -2 ). However, the demonstrated tandem approach to MSCs suggests a viable solution as the footprint area of these sensor nodes is around 18 cm 2 . Thus, fabricating MSCs at wafer-scale offers the prospect of providing the energy and power requirements for this basic IoT component. To be sure, there are still a number of challenges that need to be addressed in order to realize this micropower system, but the basic elements of using a single VN material to be both redox-active electrodes and interconnects, coupled with the photopatternable, hydroxide ion conducting solid electrolyte provide the basis for enhancing micropower technology.

Conclusion

Among the few hydroxide ion conducting solid electrolytes reported to date, none offer the combination of high room temperature ionic conductivity (10 mS cm -1 ), excellent thermal stability, mechanical integrity, and the photopatterning capability of the [AMIM][OH]/SU-8 solid electrolyte presented here. The ion transport properties of this electrolyte and ability to carry out charge transfer at the electrolyte/electrode interface were validated using hydroxide-based redox-active NiCo2O4 and VN. For device-level demonstration, [AMIM][OH]/SU-8 hydroxide-conducting solid electrolyte was directly patterned onto VN MSC electrodes to create both individual and tandem devices. The performance of individual MSC devices of nearly 250 mF cm -2 at 20 mV s -1 sweep rate goes beyond what has been reported for interdigitated MSC devices with liquid electrolytes and underscores the significance of this solid electrolyte. Electrochemical testing of tandem micro-supercapacitor devices has shown that the potential range and total current output of micro-supercapacitor devices can be tailored by modifying the device arrangements in appropriate series or parallel configurations. Finally, the semiconductor processing methods demonstrated here hold promise for achieving the power and energy density demands for IoT technology.

Experimental Procedures

Resource availability

Lead contact: Further information and requests for resources and materials should be directed to and will be fulfilled by the lead contact, Bruce Dunn (bdunn@ucla.edu).

Materials availability: This study did not generate new unique materials.

Data and Code Availability: Much of the data presented in this work is available by request from the lead contact. This study did not generate any code for analysis.

Materials: Physical and Chemical Characterizations: FTIR spectroscopy was carried out using a Jasco 6100 with a 4 cm -1 spectral resolution from 4000 to 500 cm -1 . The photopatternable electrolyte was prepared on IR transparent polytetrafluoroethylene films for the measurement. Nanoindentation measurements were made using an MTS Nano Indenter XP Instrument with a Berkovich indenter to determine the elastic modulus of hydroxide-conducting SU 8 films. Samples were indented to a depth of 2 µm at 20 different locations. The elastic modulus was determined using a Poisson's ratio of 0.22 for SU 8 and the Oliver and Pharr analysis. Film thicknesses were measured using a Dektak 6 surface profilometer. TGA was performed using an Instrument Specialists thermogravimetric analyzer tool in air at a heating rate of 10 •C min -1 . Scanning electron microscope (SEM) was performed using an FEI Nova 230 Nano with attached EDS. XPS analysis was carried out using a Kratos Axis Ultra DLD with a monochromatic Al Kα radiation source. The charge neutralizer filament was used to control charging of the sample, a 20 eV pass energy was used with a 0.05 eV step size, and all scans were calibrated using the C 1s peak shifted to 284.8 eV. The integrated area of the peaks was found using the CasaXPS software.

Synthesis of NiCo2O4: NiCo2O4 was prepared using a one-step microwave synthesis. Nickel nitrate hexahydrate (0.15 g, Sigma-Aldrich) and cobalt nitrate hexahydrate (0.18 g, Sigma-Aldrich) precursors were dissolved in deionized water (5 ml), and ethylene glycol (17.5 ml) and urea (0.1 g, Sigma-Aldrich) were added in this solution with stirring. The homogeneous solution was then transferred into the 30 ml microwave reaction vessel and placed in a microwave synthesis system (Discover SP, CEM Corporation).

The sample was heated to 140 °C for 30 min. The resulting green-colored solution was centrifuged and washed with deionized water and ethanol and dried in vacuum for 24 h. The samples were then fully oxidized by annealing the as-prepared samples at 300 °C for 1 h.

Vanadium Nitride Electrode Preparation:

To prevent electrical short-circuits and chemical etching from basic electrolytes, a 500 nm-thick Si3N4 layer was deposited by low pressure chemical vapor deposition at 800 °C to protect the Si wafer. The VN thin films were then deposited by reactive magnetron sputtering using a 4-inch target of pure metallic vanadium in an Alliance Concept CT-200 reactor. Prior to deposition, the pressure of the chamber was kept below 10 -6 mbar and the target-substrate was fixed at 6 cm. The deposition parameters were fixed at 100°C for the temperature, 25 and 5 sccm for the argon and nitrogen flow rates, 7.5 x 10 -3 mbar for the deposition pressure, and 2 W.cm -2 for the power density. The deposition time was tuned to achieve 5µm-thick VN thick films. The typical loading of the VN electrode film was 2.5 mg cm -2 .

Fabrication of the symmetric interdigitated micro-supercapacitor (MSC):

After the deposition of the Si3N4 (500 nm) and the VN (5 µm) thin films, photoresist was spin-coated to form the resist mask. The VN was etched using Inductively Coupled Plasma Reactive Ion Etching (ICP RIE) process using a mixture of chlorine/argon gases (Cl2 / Ar). To avoid short-circuits between the interdigitated VN electrodes, the etching was stopped once the top 10 nm of the Si3N4 layer was etched. Due to this four-step process, 40 MSCs can be fabricated on a single 3-inch silicon wafer (7.5 cm diameter / thickness = 0.385 mm).

Electrochemical Characterization: All electrochemical measurements were using a Bio Logic VMP 3 Potentiostat. Electrochemical impedance spectroscopy (EIS) was performed on a VN/[AMIM][OH]SU8/VN 2-electrode cell between 1 MHz and 5 mHz using a 10 mV amplitude and 0 V bias. Linear-sweep voltammetry (LSV) was used to evaluate the electrochemical stability window of the [AMIM][OH]/SU-8 using a solid electrolyte coated glassy carbon as a working electrode. LSV was conducted from the open circuit voltage (OCV) to 0.7 V (vs. Hg/HgO) and from OCV to -1.4 V at a sweep rate of 10 mV s -1 . For the CV and galvanostatic cycling measurements, the planar VN film (deposited directed on a Si/Si3N4 wafer) was tested in 1M KOH using a conventional 3-electrode set-up. A Hg/HgO reference electrode and a Pt foil were used as a reference electrode and counter electrode, respectively. For the solid-state samples, 10 μm thick film of the photopatternable electrolyte was directly patterned onto the VN and tested using the same cell configuration. For the electrochemical testing of interdigitated devices, the 2-electrode measurement was carried out using a standard probe station with the sample stationed on an air table. power densities of solid-state VN MSC compared with other highperformance solid-state MSC systems. Our solid VN MSC demonstrates the highest areal energy and power densities, delivering about 10 μWh cm -2 in the range of 1-10 mW cm -2 . The legend lists the active materials/ionic species/solid host material. 

Physical and electrochemical properties of pseudocapacitive electrode materials

Solid-state VN micro-supercapacitor fabrication

The central role played by the photopatternable hydroxide-conducting solid electrolyte in miniaturized EES applications is best shown by providing an overview of the vanadium nitride (VN) fabrication process in Figure S9a. Briefly, the vanadium nitride electrode material is sputtered onto a silicon (Si) / silicon nitride (Si3N4) substrate. An important benefit of VN-based MSC devices is that a separate current collector is not needed because of the high electronic conductivity for VN. The VN layer can then be patterned and selectively etched using conventional photolithography and plasma etching techniques, creating highresolution interdigitated electrodes with a minimum feature size of 10 μm. Subsequently, the liquid precursor for the solid-state electrolyte is spin-coated directly onto the interdigitated device structure to provide ion conduction between electrodes. The pseudocapacitive charge storage mechanism in VN involves a faradaic reaction between V 4+ and V 3+ through an oxy/oxyhydrate couple at the surface. 14 An important factor here is that the highest pseudocapacitive contributions to VN have been observed using basic electrolytes, with hydroxide being the dominant charge-carrying ion. This behavior indicates that fast ion transport of hydroxide in the solid electrolyte material is required in order to achieve rapid charge storage in VN materials.

The process was designed such that for each 3" wafer, 40 individual devices are fabricated and electrically connected in various series and parallel configurations without any additional metal layers. Each device has a 4 mm 2 footprint area and is composed of two VN interdigitated electrodes with a 10 μm spacing between electrode fingers. It is important to note that this spacing of 10 μm, the distance that charge carrying ions travel during charge/discharge, is much shorter than the thickness of commercial separators typically ranging between 20-50 μm. 15 The thickness of the VN layer is approximately 5 µm. Once interdigitated VN microdevices were fabricated, the hydroxide ion conducting solid electrolyte was patterned directly over, covering the entire device to provide ion conduction between the two VN electrodes upon charge/discharge. Table S3. The important design parameters of wafer-scale fabrication of interdigitated MSC devices.

Number of interdigitated devices 40

Number of fingers per device 8.5 
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 2 Figure2. (a) FT-IR of the photopatterned electrolytes before (red) and after (blue) the hydroxide anion exchange. Once the anions exchanged, the infrared absorbance bands of TFSI anions disappeared as those of OH -emerged. It is should be noted that the characteristic peaks of polymerized cations are still present after this process (TableS2). (b) TGA of ionic liquid modified SU-8. The [AMIM][OH]/SU-8 patternable electrolyte exhibits excellent thermal stability up to 320 °C in air. (c) Mechanical properties of [AMIM][OH]/SU-8 films measured by nanoindentation compared with other hydroxide conducting solid electrolytes.[START_REF] Wu | Preparation and characterization of PVA/PAA membranes for solid polymer electrolytes[END_REF][START_REF] Huo | Quaternary ammonium functionalized poly(aryl ether sulfone)s as separators for supercapacitors based on activated carbon electrodes[END_REF][START_REF] Zeng | Physicochemical properties of alkaline doped polybenzimidazole membranes for anion exchange membrane fuel cells[END_REF] The elastic modulus of [AMIM][OH]/SU-8 was 230 MPa.

Figure 3 .

 3 Figure 3. (a) Impedance spectra of [AMIM][OH]/SU-8 and 1M KOH. The ionic conductivity value determined for the patterned electrolyte was 10 mS cm -1 . (b) Bode plot for the two electrolyte systems. The characteristic time constants determined from the transition frequency for two samples were about 8 s for the liquid electrolyte control and 12.6 s for the patterned electrolyte. (c) CV profile of the [AMIM][OH]/SU-8 solid electrolyte patterned VN electrode at sweep rates of 5 to 20 mV s -1 . The dashed lines of the same color represent the CV results from the 1M KOH liquid electrolyte which serves as a control. (d) Comparison of the areal capacitance vs. sweep rate for planar VN electrodes using 1M KOH and [AMIM][OH]/SU-8 patternable electrolytes. At scan rates below 50 mV s -1 , the areal capacitance values are nearly identical. (e) Longterm galvanostatic cycling of the solid electrolyte patterned VN electrode at a 10 mA cm -2 current density.

Figure 4 .

 4 Figure 4. (a) A photograph of wafer-scale fabricated interdigitated VN MSC devices. 40 individual interdigitated devices are fabricated per a 3" Si wafer. The solid-state device configurations for (b) a single MSC device and (e) two MSC units connected in parallel and in series. (c) Cyclic voltammetry of a symmetric solid-state MSC device at sweep rates of 20 to 200 mV s -1 over 0.6 V window. (d) Galvanostatic charge-discharge curves of a symmetric solid-state MSC device at various areal current densities. The solid-state MSC device exhibits a linear behavior at all current densities. (f) CV curves of MSC devices configured in various series and parallel arrangement. Various configurations show a capacitor-like rectangular feature, indicating an ideal capacitive behavior. (g) Galvanostatic profiles of tandem MSC devices connected in various series or parallel arrangement compared with a single MSC device. (h) Areal energy and
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 2384 Figure 2. (a) 40wt% [AMIM][OH]/SU-8; 40wt% [AMIM][TFSI]/SU-8; SU-8 Reference (b) 40wt% [AMIM][OH]/SU-8 (c) SU-8; 40wt% [AMIM][OH]/SU-8; Poly (Aryl Ether Sulfone); PVA-KOH; PBI Figure 3. (a) 40wt% [AMIM][OH]/SU-8; 1M KOH (b) 40wt% [AMIM][OH]/SU-8; 1M KOH (c) 20 mV/s; 10 mV/s; 5 mV/s; 1M KOH Liquid Electrolyte Control (d) 1M KOH; 40wt% [AMIM][OH]/SU-8 Figure 4. (c) 200 mV/s; 100 mV/s; 50 mV/s; 20 mV/s (d) 50 mA cm -2 ; 20; 10; 5; 2 (f) Single Device; 2 Devices in Series; 2 Devices in Parallel; 2 x 2 Series and Parallel (g) Single Device; 2 Devices in Series; 2 Devices in Parallel (h) This work: VN/AMIM-OH/SU-8; [43]: Graphene/BMIM-TFSI/SiO2; [19]: MnO2/EMIM-TFSI/PVDF; [44]: C/EMI-TFSI/SiO2; [45]: MnO2/LiCl/PVA; [46]: RuO2/H2SO4/PVA

Figure S5 .

 S5 FigureS5. Schematic representation of a pseudocapacitive charge storage device. Pseudocapacitive materials such as RuO2, MnO2, and VN, store electrochemical energy primarily via a faradaic process involving surface or near-surface redox reactions. Due to this characteristic, pseudocapacitive materials exhibit capacitor-like electrochemical features.12,13 

2 [

 2 Figure S9. (a) Schematic representation of the process for fabricating solid-state VN MSCs using the photopatternable [AMIM][OH] electrolyte. Both electrode and electrolyte materials are formed through microfabrication techniques. (b) A fabrication approach to form solid-state MSC devices. Both electrode and electrolyte materials can be patterned to high-resolution features using microfabrication techniques.

  

  

  

  

  

  

  

  

  

  

  

  

  All sample preparation was carried out in class 100 clean room with yellow lighting to reduce the exposure of the materials to shorter wavelengths. [AMIM][TFSI] SU 8 was prepared by mixing 40 weight percent [AMIM][TFSI] and SU 8 prior to deposition. Films prepared for electrochemical measurements were spin coated onto flat substrates (i.e. Si/SiO2 or VN) at 500 rpm for 5 s followed by 3000 rpm for 30 s. Samples were then soft baked at 95 °C for 5 min for solvent removal prior to patterning. Features were patterned using a Karl Suss MA6 Contact Aligner and photomask. The [AMIM][TFSI] SU 8 samples were subjected to a total of 1600 mW of UV exposure at 365 nm. The films were then postexposure baked at 95 °C for 5 min to crosslink the material

	1-Allyl-3H-imidazolium bis(trifluoromethanesulfonyl)imide ([AMIM][TFSI], 99% purchased
	from Solvionic), SU-8 3000 (purchased from MicroChem), KOH (purchased from Alfa-Aesar), and
	dimethyl sulfoxide (DMSO, 99.9% purchased from Sigma Aldrich) were used as received.
	Photopatternable Hydroxide-Conducting Solid Electrolyte Preparation:

(40% [AMIM][TFSI]/SU-8). UV exposed samples were then developed. For the anion exchange process, photopatterned [AMIM][TFSI]/SU-8 electrolytes were soaked in DMSO to swell the crosslinked polymer for a minimum of 1 hr. Subsequent soaking in 1M KOH replaced TFSI -in the structure with OH -(40% [AMIM][OH]/SU-8).

Table S2

 S2 

	photopatternable electrolyte was shown to have a decent electrochemical stability window with no residual
	current between -1.2 and 0.2 V (vs. Hg/HgO).
	. Characteristic IR absorption bands of [AMIM][TFSI] and their assignments
		Frequency	
		(cm -1 )	Dominant Vibrational assignment
		569	CF3 antisymmetric bend
		600	SO2 antisymmetric bend
		611	SO2 antisymmetric bend
		650	SNS bend
	Anion	789	CS stretch
	Assignment	1051	SNS antisymmetric stretch
		1132	SO2 symmetric stretch
		1182	CF3 antisymmetric stretch
		1331	SO2 antisymmetric stretch
		1348	SO2 antisymmetric stretch
	Cation	752	Ring HCCH symmetric bend

Table S4 .

 S4 Comparison of interdigitated MSCs based on solid and liquid electrolytes * Energy density at a given power density. Power density is in parentheses. Energy density given at low 130 and high values of power density.

	Solid Electrolyte			
	Electrode	Electrolyte Materials	Energy Density* [ Wh/cm2]	Cycle Life (Retention) Main Text
	Materials		(Power Density in [mW/cm2])		Reference
	VN	[AMIM][OH]/SU-8	7.6 (9.1)	10,000 (80%)	This Work
	MnO2	[EMIM][TFSI]/PVDF	12.8 (0.8) 3.2 (3.8)	30,000 (96.2%)	19
	Graphene		4.5 (0.7)		
		[BMIM][TFSI]/Fumed	4.4 (45.4)	10,000 (96%)	43
		Silica	4.92 (0.4)		
	Pyrolyzed	[EMIM][TFSI]/Fumed	3.1 (3.1)	10,000 (94%)	44
	Carbon	Silica	4.2 (0.8)		
	MnO2	LiCl/PVA	0.8 (3.8)	4,000 (92%)	45
			2.2 (0.6)		
	RuO2	H2SO4/PVA	0.6 (2.2)	10,000 (90%)	46
			3.3 (1.2)		
	Liquid Electrolyte			
	Electrode	Electrolyte Materials	Energy Density [uWh/cm2]	Cycle Life (Retention) Main Text
	Materials		(Power Density in [mW/cm2])		Reference
	VN	1M KOH	10.6 (0.2)	50,000 (80%)	9
	CDC	1M H2SO4	0.9 (4.1) 1.6 (0.3)	10,000 (100%)	7
			1.2 (8.9)		
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Supplemental Text and Figures

Survey of miniaturized electrochemical energy storage systems

Miniaturized electrochemical energy storage (EES) systems, in general, have great design flexibility and have been manufactured by a range of fabrication techniques, leading to various device form factors with multiple functionalities without deterioration in performance. [1][2][3] Recent advances in the community have included the demonstration of novel fabrication approaches and unique battery designs, and the incorporation of solid electrolytes (Table S1). [4][5][6][7][8][9][10][11] Table S1 Ring in-plane antisymmetric stretch, CH3(N) stretch Figure S3. The nickel cobalt oxide material has been prepared by the microwave assisted synthesis. The corresponding XRD (a) shows low crystallinity of the material that did not affect the electrochemistry. CV curves of NiCo2O4 that were obtained using (b) OH -conducting patternable electrolytes and (c) 1M KOH control liquid electrolytes. The redox behavior is similar in the two electrolytes, confirming that there is hydroxide conduction through the solid electrolyte. (d) Graphical diagram highlighting differences between the sample preparation of a solid-state working electrode versus a control electrode tested in liquid electrolytes.