Hydrovoltaic Energy Harvesting at Ionic Polymer-Hydrogel-Carbon Composites via Moisture Flow
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Abstract
Hydrovoltaic technologies have been proposed in recent years to generate electricity by virtue of water interacting with nanostructured materials, such as monolayer graphene and graphene derivatives, as promising renewable energy alternatives. In particular, moisture flow with natural abundance in daily life contains tremendous energy but remains unutilized. Here, we invented a new hydrovoltaic device comprising ionic polymer of Nafion and poly(N-isopropylacrylamide) hydrogel, by which an ultrahigh voltage of –1.86V was reached by one single module in a sustainable manner and its fast voltage response is significantly distinguished from all moisture enabled electric generators. Our device not only outperforms in power density but also the adaptability to moisture flow and a little simplicity of the device, enabling energy recovery in various real-life scenarios from human breath to mechanical water spray and even water-cooling processes. Its practical significance as a portable power supply was demonstrated to charge capacitors and power electrochromic smart windows without any auxiliary rectifying and amplifying circuits.

Introduction
[bookmark: OLE_LINK126][bookmark: OLE_LINK127][bookmark: OLE_LINK128][bookmark: OLE_LINK9][bookmark: OLE_LINK10]Water carries a prodigious amount of energy (up to 60 petawatts) in various forms.1 Access to this clean energy with spontaneous electricity generation is preponderant in tackling the global energy crisis in a green manner. Particularly, moisture flow is ubiquitous from ocean waves to power plants and even to domestic cooking and human breath, conveying the energy that could be harnessed based on emerging hydrovoltaic technologies.1, 2 Research in recent years has yielded a variety of auspicious designs that comprise water evaporation-driven electricity generators,3-5 moisture-enabled electric generators (MEGs) made of graphene derivatives or polyelectrolytes,6-11 graphene strips with sliding ionic solutions,12, 13 and hygroscopic protein nanowires.14 To date, the voltage output of a single hydrovoltaic system has been improved from a few millivolts up to 1.5V (pulsed voltage) since 2014.10
[bookmark: OLE_LINK3][bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK49][bookmark: OLE_LINK57][bookmark: OLE_LINK50][bookmark: OLE_LINK51][bookmark: OLE_LINK56]Progress in hydrovoltaic technologies is, however, in its infant stage. The principles of electricity generation pertaining to each system are in wide discrepancy and remain conflictive. The classical electrokinetic effect of streaming potential (Ustr) is often applied to the hydrovoltaic systems endowed with charged nanochannels or nanoporous features,3-5, 15-17 and of which UStr could be predicted to be <1mV using the Helmholtz-Smoluchowski equation,18 on the condition that the zeta potential of transport media is dozens of millivolts and the pressure difference is reasonably small (<<1kPa).15 Ustr is scarcely responsible for experimental voltage signals several orders of magnitude larger,2-4,14,15 and the exact mechanism requires further study.1, 19 In the absence of a pressure gradient, the waving/drawing potential is reported specifically on monolayer graphene, where the ionic solution (or droplet) slides and results in charging and discharging of electric double layers (EDLs). The voltage is induced based on differential pseudocapacitance at the boundaries.12, 13 Nevertheless, this model is plausible for such unique systems and is hardly applied to explain others. A new model of diffusio-osmosis is proposed for moisture-enabled electric generators comprising an intrinsic gradient of polar functional groups or asymmetric architecture for moisture absorption.2 Protons (H+) dissociate from either oxygen-containing groups of graphene derivatives or polymer backbones after moisturizing, by which charge separation is created with mobile H+ diffusing along with the reduction of its chemical potential and causing a voltage.6-11, 20 Yet such MEGs are limited to transient voltage output or tardive voltage response associated with sluggish ion diffusion.
[bookmark: OLE_LINK27][bookmark: OLE_LINK28][bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: _Hlk96616979]In material terms, the performance of hydrovoltaic devices involving electrokinetic effects shows a strong correlation with nanoscale traits of the materials (e.g., nanochannel, monolayer),3, 12-15 which requires stringent, nanometre-precision fabrication and grows complexity in macroscopic assemblies. On the other hand, graphene derivative-based MEGs ordinally deliver pulsed voltage and require auxiliary rectifier circuits to attain stable output10, 11, 21-23 while fundamentally sacrificing portability and energy utilization efficiency. Polyelectrolytes (e.g., poly(4-styrensulfonic acid) (PSSA)-based MEGs offer appreciable advantages in terms of continuous voltage output and ease of fabrication.6, 7 However, there is a greater likelihood of PSSA films dissolving during moisturizing, which raises severe concerns about the mechanical deformation of the device and long-term stability. Recent progress has been focused on the hybrid of graphene derivative/polyelectrolyte with different polymers to improve MEGs.24-27  
[bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: OLE_LINK17][bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: OLE_LINK31][bookmark: _Hlk96015857]Here, we propose a new design to harvest the energy of moisture flow using ionic polymer-hydrogel-carbon composites (IPHCs) (Fig. 1A). The voltage is generated via the chemisorption of protons on the carbon paper (CP) electrode mediated with poly(N-isopropylacrylamide) (pNIPAm) hydrogel, on which the Nafion polymer membrane serves as the proton donor. Our design is validated experimentally to reach an open-circuit voltage (Voc) of −1.86V and an areal maximum power density (Pmax) of 10.14μW cm−2, which are superior to most of the best hydrovoltaic counterparts (Fig. 1B).3, 4, 7-10, 14, 15, 21, 28-32 The IPHC not only exhibits fast voltage output but also displays strong adaptability towards various real-life scenarios, including human breath, moisture spray, humidifiers, and water-cooling towers, to produce electricity. Notably, a single IPHC can charge the capacitors and power the electrochromic smart window without any auxiliary amplifying circuit. This work carries profound implications for the study of the fundamental mechanisms involved in hydrovoltaic technologies and charts the course of a new hydrovoltaic device outperforming in terms of sensitivity, efficiency, cyclability, and adaptability.
[image: ]
Fig. 1 IPHC and other hydrovoltaic systems. (A) Schematic illustration of an ionic polymer-hydrogel-carbon composite device and (B) Energy utilization efficiency in terms of open circuit voltage (Voc) and areal maximum power density (Pmax) in some of the best reported hydrovoltaic systems using cellulose nanofibrils,15 paper,30 silicon nanowire arrays (Si NWs),3, 32 protein nanowires,14 titanium dioxide nanowires (TiO2 NWs),28 reduced GO,9 GO composites,8 pristine GO films,31 heterogeneous GO,10 graphitic carbon,29 carbon black,4 and polyelectrolytes.7 Solid symbols represent moisture-enabled hydrovoltaic systems, and hollow symbols indicate the systems involving water evaporation.

Results and discussion
[bookmark: OLE_LINK131][bookmark: OLE_LINK132]Ionic polymer-hydrogel-carbon composites
[bookmark: OLE_LINK4][bookmark: OLE_LINK5][bookmark: OLE_LINK24][bookmark: OLE_LINK91][bookmark: OLE_LINK92][bookmark: OLE_LINK45][bookmark: OLE_LINK46][bookmark: _Hlk96016222][bookmark: OLE_LINK120][bookmark: OLE_LINK121]IPHCs consist of a Nafion polymer membrane, a layer of pNIPAm hydrogel nanoparticles, and two CP electrodes, one of which features artificial holes of ca. 800μm in diameter to ensure effective moisture uptake at one end (Fig. S1). Here, we pioneer the adoption of pNIPAm in hydrovoltaic devices, which bears amine (N-H) and carboxylic acid (C=O) hydrophilic polar functional groups,33 calling into two aspects of behaviors: capturing moisture and proton affinity. The commercial Nafion polymer membrane endows backbone charges and free protons, which are released from the polymer upon proton dissociation when Nafion imbibes the water content.34 In a dry state, a build-in voltage of ca. −0.20V is observed due to the use of asymmetric CP electrodes, and of which the pored CP is mediated with pNIPAm. The IPHC displays a maximum Voc of −1.86V when the moisture flow approaches, and the relative humidity (RH) gradually increases from 68.5% to 82.9% (Fig. 2A). The voltage is sustained for approximately 5 minutes and rapidly returns when the supply of moisture flow ceases. Different from current MEGs, which usually deliver high-level Voc in a transient manner (pulsed voltage),10, 28 such a giant and continuous Voc upon exposure to moisture flow is achieved by our IPHC for the first time. A slight decay of Voc is associated with the proton diffusion (along with the reduction of its chemical potential) occurring in the opposite direction after continuous water uptake for a period of time, which counteracts the chemisorption.35 Similar to the voltage profile, a short-circuit current (Jsc) of ca. 21.8μA cm−2 can be produced on IPHC during moisturizing (Fig. 2B). Accordingly, the Pmax is calculated to be 10.14μW cm−2 based on [image: P subscript m a x end subscript equals bevelled fraction numerator V subscript o c end subscript J subscript s c end subscript over denominator 4 end fraction].14 Besides, the electric output of the device by connecting different load resistances is shown in Fig. S2. It is worthwhile to note that the fast response of IPHC to moisture flow is quite distinct from the observations in general hydrovoltaic devices based on the diffusio-osmosis effect, which is prone to be a sluggish process involving transmembrane ion movement,6, 31, 36 suggesting the uniqueness of IPHC in terms of electricity-generating mechanism. The experimental verification of its fast response and cyclability is further conducted by applying intermittent moisture flow every 3s (Fig. 2C). The IPHC exhibits instantaneous and highly reproducible Voc ranging from −1.67V to −1.87V for 60 moisturizing cycles. 
[bookmark: OLE_LINK39][bookmark: OLE_LINK44]We extrapolated the sustainability of voltage generation dictated by the moisture absorption capacity of the pNIPAm hydrogel layer. The control experiment was conducted on a sample with an extremely thin layer of pNIPAm and small water absorption capacity (Fig. S3). During moisturizing, the water saturation of this sample occurred along with full swelling of the pNIPAm thin layer, resulting in a redistribution of protons throughout the entire sample, which counteracted the preferential chemisorption on the pNIPAm-graft-CP electrode and engendered a sudden drop of voltage at 105s, although moisture supply continued. Similar saturation behavior was observed in a standard IPHC sample after moisturizing for about 600s (Fig. S4). As expected, the sample with a thick pNIPAm layer conduced to the longer saturation time, and Fig. S5 summarizes the saturation time of IPHC samples with different layer thickness of pNIPAm. 
[image: ]
[bookmark: OLE_LINK192][bookmark: OLE_LINK193][bookmark: OLE_LINK194][bookmark: _Hlk99639299][bookmark: OLE_LINK199][bookmark: OLE_LINK200]Fig. 2 Electric output of IPHCs. (A) Voc of an IPHC device and corresponding relative humidity profile in response to moisture flow. The grey line expresses a built-in voltage of approximately 0V and negligible voltage output for the sample absent from the pNIPAm layer. (B) Jsc of an IPHC device exposed to moisture flow. Inserts illustrate the external circuit of the IPHC. (From left to right is CP, Nafion, pNIPAm, pored CP and H2O.) (C) Intermittent supply of moisture flows (every three seconds) to an IPHC device and its voltage output.	

Functionalization of CP
[bookmark: OLE_LINK108][bookmark: OLE_LINK109][bookmark: OLE_LINK122][bookmark: OLE_LINK123]Fig. 3A and 3B present scanning electron microscopy (SEM) images of pristine CP made of carbon fibers (5-10µm in diameter) and pNIPAm-graft-CP in a dry state. CP exhibits hydrophobicity with a contact angle of 112.0º (Fig. 3C1). In contrast, we observed a small contact angle of 41.2º on dry pNIPAm and instant absorption of water droplets, revealing its hydrophilicity (Fig. 3C2), so that the pNIPAm hydrogel nanoparticles can perform as efficient moisture absorbents in IPHCs.37 However, such a pNIPAm layer (in the outer layer) prevents the Nafion polymer membrane from directly accessing incoming moisture; thus, the kinetic energy conveyed by the moisture flow becomes critical to supply Nafion with the water content, and this part will be discussed in the next section.
[bookmark: OLE_LINK116][bookmark: OLE_LINK117][bookmark: OLE_LINK40][bookmark: OLE_LINK41]Ab initio calculations were applied for the elucidation of sophisticated interfacial processes on CP during moisturizing. Herein, graphene is adopted to simulate the carbon material (see Experimental). With H2O molecules, the charge transfer between hydrogen atoms (H) and graphene, or pNIPAm-graft-graphene, is visualized through the calculation of the charge density difference (CDD). The stronger interaction between H and pNIPAm-graft-graphene (Fig. 3D2) is found than that between H and graphene (Fig. 3D1). The charge depletion and accumulation regions are prominent around the amine and carboxylic acid functional groups (Fig. 3D3 and 3D4). Likewise, the CDD for models without H2O is shown in Fig. S6. It is seen from the adsorption energy (Ea) that the introduction of H2O generally induces a stronger affinity to H (Fig. 3E). In particular, the Ea of H on graphene is −0.942eV, while the value is boosted to −1.305eV for pNIPAm-graft-graphene, suggesting potential chemisorption between H and pNIPAm-graft-graphene, which is consistent with our experimental observations. Some metastable adsorption configurations and the corresponding Ea are listed in Fig. S7. Instead, a comparative study was performed to replace pNIPAm with an isoheptane molecule (C7H16). As anticipated, isoheptane-graft-graphene without hydrophilic polar functional groups has a much weaker affinity for H than pristine CP under both conditions with and without H2O (Fig. S8 and S9).
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[bookmark: OLE_LINK42][bookmark: OLE_LINK43]Fig. 3 Functionalization of CP with pNIPAm (A1-A3) and (B1-B3) SEM images of pristine CP and pNIPAm-graft-CP at different magnifications. Contact angle of (C1) CP, (C2) dry pNIPAm layer. Charge density difference plots for H adsorbed on (D1) graphene and (D2-D4) pNIPAm-graft-graphene at different absorption sites and the corresponding adsorption energy (Ea). The yellow and cyan distributions correspond to charge accumulation and depletion, respectively. The isosurface value equals to 0.002e Å−1. (E) Ea of graphene and pNIPAm-graft-graphene to H on the condition with (blue) and without (green) H2O. Ea of metastable adsorption configurations are presented as dashed lines. (F) Surface potential of CP and pNIPAm-graft-CP in dry and wet states.

Electricity-generating mechanism
[bookmark: _Hlk80815408][bookmark: OLE_LINK129][bookmark: OLE_LINK130]The mechanism that underpins electricity generation in IPHCs was further studied using Kevin probe force microscopy (KPFM). As illustrated in Fig. 3F, pristine CP and pNIPAm-graft-CP shows the potential of ca. 314mV and ca. 260mV in a dry state, respectively. Both samples were subjected to in situ moisturizing for 30s. The potential of wet CP increases slightly; in contrast, that of wet pNIPAm-graft-CP decreases drastically to ca. −216mV. This result manifests its strong affinity to protons and is consistent with our observations in zeta potential of swollen pNIPAm hydrogel nanoparticles, which is averaged to be –23.91mV from three replicas (see Experimental). Then, two samples were baked at 31ºC for 30s and dried by nitrogen gas for 5s. The surface potential of both semidry samples returns moderately towards their initial values (Fig. S10), indicating that the change in surface potential is reversible.
	To visualize such changes on the electrodes, we devised the following experiment. We coated pNIPAm hydrogel nanoparticles uniformly on a carbon paper that was partially covered by plastic tape, avoiding the infiltration of hydrogel nanoparticles into the carbon paper, which was removed after baking the entire carbon paper. Therefore, this sample was equipped with dry pNIPAm polymer on the left and pristine carbon paper on the right, revealing a clear boundary in the middle (Fig. S11). As shown in Fig. 4A, the surface potential map was generated by scanning the sample (in a range of 4.68×1.11mm2 with one-half pNIPAm-graft-CP and one-half CP) using Kevin probe force microscopy. In the dry state, it reveals a slightly more positive surface potential on the right (dark red) than on the left (Fig. 4A1). In situ moisturizing the entire sample for 1 minute, there was a sharp decrease in the surface potential on pNIPAm-graft-CP, constructing an abrupt slope at the boundary between the two regions (Fig. 4A2). A minor drop in the surface potential of the carbon paper side results from water diffusion from left to right, along with the migration of pNIPAm hydrogel nanoparticles during long period scanning characterization. Thereafter, this sample was dried naturally in the ambient environment for 5 minutes. The pNIPAm-graft-CP depicts a less negative surface potential due to the loss of moisture content, while the (right) carbon paper expresses a less positive surface potential (Fig. 4A3). With adequate experimental validation, the introduction of pNIPAm hydrogel on the carbon paper electrode brings about a strong affinity to positive charges, i.e., protons, when the IPHC is moisturized.

[image: ]
[bookmark: OLE_LINK62][bookmark: OLE_LINK63]Fig. 4 Working mechanism of IPHCs. (A) Surface potential map of a sample with one-half pNIPAm-graft-CP (left) and one-half pristine CP (right), which was characterized on the (A1) dry sample, (A2) fully wet sample, and (A3) semi-wet sample that was dried naturally. Insets schematically illustrate the path of scanning KPFM with a step size of 79.4μm on the sample at three conditions. X and Y axes record the steps proceeded. Schematic diagram of an IPHC (B1) at initial dry state (from left to right is CP, Nafion, pNIPAm and pored CP) and (B2) in response to moisture flow including the concertation gradient of H+ and H2O. 

[bookmark: OLE_LINK60][bookmark: OLE_LINK61]	In the dry state, the IPHC contains de-swollen pNIPAm network and desiccative Nafion polymer, in which protons are localized around the backbone charges (Fig. 4B1). When the moisture flow approaches the pored CP, a portion of small water droplets (with dimensions of 1-20μm) are captured by pNIPAm network to become pNIPAm hydrogel (Fig. 4B2). Meanwhile, a portion of small droplets carrying adequate kinetic energy can penetrate the pNIPAm hydrogel. As a result, the Nafion polymer imbibes such water content and swells with releasing protons, which immediately adsorb on the pNIPAm-graft-CP owing to its strong affinity to protons. It is rational to conclude that the fast response of IPHCs to moisture flow stems from such chemisorption occurring at the interface instead of the diffusio-osmosis mechanism. Particularly, the diffusion coefficient of protons in dry Nafion (or less water uptake condition) is at the order of 10–8 cm2 s–1.38 Thus the charge carriers hardly generate an instant voltage without transmembrane ion movement. Additionally, we discerned that moisture and pressure conveyed by the flow are two prerequisites for IPHCs to produce electricity. Changing the relative humidity of the whole environmental chamber led to negligible voltage output on IPHCs (Fig. S12). On the other hand, the initial (build-in) voltage ca. −0.24V was hardly enhanced by supplying dry air (Fig. S13), which shared a similar flow rate of 1.9m s−1 with that generated by moisture flow in our typical experiments. In an embodiment of IPHC, we first applied dry air at a flow rate of 3.0m s−1 and then supplied moisture to the surroundings using a humidifier. The Voc changed only if the moisture was driven towards the IPHC by forced convection (Fig. S14). Moreover, the change in Voc paused when the airflow was removed.

[image: ]
Fig. 5 Adaptability of IHPCs to moisture flow. (A) Voltage signals recorded by an IPHC corresponding to human breath through nose and mouth. Gray and blue indicate nasal breathing and mouth breathing, respectively. (B) Magnified figure of the red-square region in A. Change in relative humidity (black curve) and temperature (grey curve) for (C1) nasal breathing and (C2) mouth breathing. (D) Voltage signals and flow rates when the moisture spray was applied to the IPHC intermittently. (E) Voltage signals of an IPHC in response to the moisture flow that was generated simultaneously with cooling a hot steel sheet through water, and the corresponding mass flow rate of moisture is indicated with a (orange) box chart.

Application of ionic polymer-hydrogel-carbon composites
[bookmark: OLE_LINK25][bookmark: OLE_LINK26]Moisture flow is omnipresent in daily life and exists in a plurality of forms, where ionic polymer-hydrogel-carbon composites, which excel with exceptional sensitivity and device simplicity, can be utilized extensively. As an example, Fig. 5A depicts the voltage response of an IPHC to human breath through the nose and mouth. It is interesting to note that mouth breathing leads to a voltage (ca. 0.1V) 30 times larger than that of nasal breathing (ca. 3mV) (Fig. 5B), although the flow rates of the two types of breath were similar (0.10-0.16m s−1 for nose and 0.18-0.30m s−1 for mouth). The moisture flow generated by mouth breathing inherently carrying more moisture content is responsible for a larger voltage over nasal breathing (Fig. 5C1 and 5C2). Surprisingly, only <2% change in relative humidity causes the voltage response sensitivity (Vwet/Vdry) about 1.5. Such detection limit and sensitivity are superior to some of the best RH sensors,39-41 which allow the sensing span to be from 11% and above. This experiment also demonstrates the unforeseen opportunity of IPHCs to be used for medical purposes to identify patients with rhinitis who suffer from abnormal nasal breathing and could only breathe through the mouth.42 In addition, moisture flow can be easily created mechanically in high-pressure water atomization processes, such as hydrating spray and flower spray. The voltage of IPHC upon exposure to such moisture flow is shown in Fig. 5D, revealing a noticeable dependence of the voltage signal on the flow rate. Additionally, water cooling is extensively employed for power plants and steel mills, where a tremendous amount of moisture flow is produced but remains unutilized. We devised an experiment to imitate the water-cooling process. A 250°C steel sheet was cooled by water, creating substantial moisture flow and conducting a voltage output as high as 2.13V (Fig. 5E). In short, IPHCs manifest great adaptability to moisture flow in various forms to optimize energy recovery in real-life scenarios. We observed that an increase in temperature was likely to alter the polarity of the electrode, which could stem from the phase change of pNIPAm hydrogel at temperatures over 32°C. Such phenomena will be studied in our following works, but herein, we focused on the value of voltage.
[bookmark: OLE_LINK34][bookmark: OLE_LINK35][bookmark: OLE_LINK87][bookmark: OLE_LINK88]	The uniqueness of IPHCs in terms of efficiency and ease adoption enables their practical application as portable power supplies. For instance, IPHC was used to charge commercial capacitors of 1μF and 10μF, reaching voltages of 1.77V and 0.61V, respectively, without any auxiliary amplifying or rectifying circuit (Fig. 6A). Leveraging on a giant voltage output, a single IPHC was able to trigger the phase transition of an electrochromic smart window (2V, 1μA)43 from transparent to dark when moisturized (Fig. 6B), and this demonstration can be watched in Supplementary Movie. Notably, the IPHC provided the power for the electrochromic smart window to undergo several charging (turning dark)-discharging (turning transparent) cycles (Fig. 6C), demonstrating its robusticity as a power supply. Furthermore, IPHCs can be connected in series or parallel to pursue higher electric output for a wider range of applications (Fig. S15). Our design was also extended to other pairs of ionic polymers and hydrogels (e.g., polypyrrole nanoparticles) for the exploit of hydrovoltaic power supply (Fig. S16).

[image: Diagram
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Fig. 6 Demonstration of a single IPHC as a power supply. (A) An IPHC device was used to charge commercial capacitors of 1μF and 10μF. Insert shows the experimental circuit. (B1-B3) Digital images were taken in the course of powering an electrochromic smart window with an IPHC device moisturized. (C) Voltage of the electrochromic smart window while it was charged using an IPHC device and discharged by short-circuiting manually for 5 cycles. Inserts display digital images of the electrochromic smart window in dark (charged) and transparent (discharged) states. The blue region indicates the supply of moisture flow, and the gray region indicates the discharge of the electrochromic smart window.

Conclusions
[bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK32][bookmark: OLE_LINK33][bookmark: OLE_LINK18][bookmark: OLE_LINK21][bookmark: OLE_LINK19][bookmark: OLE_LINK20]Moisture flow with natural abundance makes such an energy source very appealing. Here, we invented a new hydrovoltaic device based on ionic polymer of Nafion and pNIPAm hydrogel, by which an ultrahigh voltage was attained on a single IPHC in a sustainable manner. Remarkably, the IPHC is of practical interest in portable power supply with an appreciable power density and a little simplicity of the device, which can charge commercial capacitors and power the electrochromic smart window. By virtue of the excellent sensitivity, adaptability, and cyclability of IPHCs, energy recovery can be implemented in various real-life scenarios from human breath to mechanical water spray and even (mini)water-cooling towers. All the resultant activities in experiments and ab initio calculations have tended to demonstrate that the strong proton affinity of swollen pNIPAm hydrogel conduces to the electric output. We envision that the proposed design can be generalized to other pairs of ionic polymers and hydrogels. Future progress in hydrovoltaic technologies is enabled by pursuing the optimal mechanism that capitalizes on moisture flow and changes the interfacial potential.

Experimental
Materials
[bookmark: OLE_LINK98][bookmark: OLE_LINK99]The N-Isopropylacrylamide monomer (NIPAm, 98%), N, N’-methylenebis (acrylamide) (BIS, 99%), ammonium persulfate (APS, ≥98%), sodium dodecyl sulfate (SDS, ≥98%), hydrogen peroxide (H2O2) solution 30% (w/w) in H2O, sulfuric acid (H2SO4, 95%-98%), and Nafion cation exchange membranes (thickness 0.002in. and 0.007in.) were purchased from Sigma-Aldrich. Carbon papers (GDS090S), which have a thickness of 90μm, resistance <6mΩ cm2, and porosity of 68%, were purchased from Cetech. Deionized water (18.2MΩ) was used throughout the experiments.
Device fabrication
[bookmark: OLE_LINK118][bookmark: OLE_LINK119][bookmark: OLE_LINK124][bookmark: OLE_LINK125][bookmark: OLE_LINK85][bookmark: OLE_LINK86][bookmark: OLE_LINK37][bookmark: OLE_LINK38][bookmark: OLE_LINK83][bookmark: OLE_LINK84]The pNIPAm hydrogel nanoparticles were synthesized according to the method developed in our previous work,33 and of which the average particle size is 575nm at room temperature (Fig. S17). Then, the as-prepared suspension was centrifuged at 13,000rpm for 1.5hours (MiniSpin plus, Eppendorf) to extract pure pNIPAm hydrogel nanoparticles. Nafion polymer membranes were subjected to light boiling in 5% (w/w) H2O2, DI water, 1M H2SO4, and DI water in sequence at 80°C for 1 hour in each solution. Then, the device was fabricated by assembling a glass slice, a CP, a wet Nafion membrane, a layer of swollen pNIPAm hydrogel nanoparticles, and a pored CP with artificial holes ~800µm in diameter. Two CP electrodes were connected to silver (Ag) nickel (Ni) alloy metal tapes for voltage/current collection (Fig. S1) and the equivalent circuit of the device is shown in Fig. S18. The IPHCs were baked at 31°C for 15 minutes prior to the signal measurements. We normally coated pNIPAm nanoparticles of ~10.72mg cm–2 to maintain structural integrity and device stability. And the device can undergo at least 12 (saturation) cycles with negligible degradation (Fig. S19).
Characterization
[bookmark: OLE_LINK106][bookmark: OLE_LINK107][bookmark: OLE_LINK102][bookmark: OLE_LINK103]Field-emission scanning electron microscopy (SEM) images of pristine CP and pNIPAm-graft-CP were recorded by a Hitachi S4800. A contact angle goniometer (Model 100SB, Sindatek Instruments) was used to measure the water contact angles for different CP electrodes. The pNIPAm hydrogel nanoparticles were characterized with dynamic light scattering (DLS) and Zeta potential using a NanoBrook ZetaPALS Potential Analyzer (Brookhaven Instruments).
[bookmark: OLE_LINK110][bookmark: OLE_LINK111]The surface potentials of CP and pNIPAm-graft-CP before and after moisturizing were characterized using a scanning Kevin probe force microscopy (KPFM) system (SKP5050, KP Technology), where calibration was carried out on a highly oriented pyrolytic graphite reference sample (ScanSens GmbH).
Signal measurements
[bookmark: _Hlk97049718][bookmark: OLE_LINK47][bookmark: OLE_LINK48][bookmark: OLE_LINK70][bookmark: OLE_LINK71][bookmark: OLE_LINK94][bookmark: OLE_LINK95]Electrochemical tests were performed using CHI 760D potentiostat, where the working electrode (or positive side) was connected to the inner CP electrode of the device. Short-circuit current measurements were conducted on Keithley 2400. All power densities mentioned in this paper were calculated based on [image: P subscript m a x end subscript equals bevelled fraction numerator V subscript o c end subscript J subscript s c end subscript over denominator 4 end fraction] (Fig. 1B).14 Particularly in the IPHC, the maximal Voc (−1.86V) and Jsc (−21.8 μA cm−2) for Pmax were obtained from the first 30s of moisturizing. Moisture flow was produced by a commercial humidifier with a flow rate of 35ml hour–1, except that moisture flow was generated by human breathing with the nose and mouth at a distance of approximately 3cm; by applying the hydrating spray; and by cooling a hot steel sheet with water, relative humidity was recorded in real time using a digital hygrometer (JaaLee Technology), which acquired relative humidity every 100ms with a measurement uncertainty of ±1.5%. A hot-wire anemometer (Testo 405i) with data acquisition of every 1s was applied to measure the airflow rate with a measurement uncertainty of ±0.1m s−1 (+5% of measured value) and ±0.3m s−1 (+5% of measured value) in the range of 0-2m s−1 and 2-15m s−1, respectively.
Computational details
Ab initio calculations were conducted using the projector augmented wave method as implemented in VASP.44 The generalized gradient approximation (GGA) within the Perdew-Burke-Ernzerhof (PBE) parameterization was applied.45 The Kohn-Sham orbitals were expanded using plane waves with a cutoff energy of 500eV. The Brillouin zone integrations were performed with a k-point spacing of 2π × 0.03Å−1 adopting the Γ-centered Monkhorst-Pack scheme.46 A 3 × 3 graphene supercell with a vacuum region of 15Å was used to simulate the carbon paper as the Ea of H on graphite (–0.838eV) is comparable to that on graphene (–0.886eV). The pNIPAm was modeled as a single molecule and grafted as a functionalized molecule on the graphene.47 The convergence criterion for the electronic self-consistent iteration was set to 10–5eV. DFT-D3 was used for van der Waals correction.48 Different adsorption sites of H are shown on both pristine graphene and pNIPAm-graft-graphene (Fig. 3A, S4 and S5). The adsorption energy of H was calculated with Ea = EH/(graphene or pNIPAm-graft-graphene) – (E(graphene or pNIPAm-graft-graphene) + EH), where EH/(graphene or pNIPAm-graft-graphene) and E(graphene or pNIPAm-graft-graphene) are the total energies of the systems with and without adsorbate H, respectively; EH is the energy of an isolated H. The charge density difference (Δρ) was evaluated with Δρ = ρH/(graphene or pNIPAm-graft-graphene) – ρ(graphene or pNIPAm-graft-graphene) – ρH, where the charge density of graphene (ρ(graphene)), pNIPAm-graft-graphene (ρ(pNIPAm-graft-graphene)) and an isolated H (ρH) were computed at the same configuration as that in the H adsorbed system (ρH/(graphene or pNIPAm-graft-graphene)).
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