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Abstract 17 

Immiscible elemental pairs can access properties unavailable to equilibrium solid solutions, 18 

but conventional synthesis approaches suffer from phase separation and heterogeneity. Here, 19 

we establish kinetic atom trapping using ultramicroelectrodes, confining metal-ion reduction 20 

to a finite interfacial inventory. Ultrahigh-, ultrashort-current pulses deplete the preferentially 21 

reduced ion before radial diffusion replenishes the interface, forcing dissimilar ions to reduce 22 

concurrently and kinetically trapping and stabilizing homogeneous immiscible nanoalloys. The 23 

strategy produces mixed nanoparticles across diverse atomic combinations, such as Cu–Zn, 24 

Cu–Ag, Cu–Fe, Fe–Cr, and Cu–Ni systems. A quantitative pulse window, bounded by Sand’s 25 

depletion time and radial-diffusion-mediated replenishment, predicts the current density and 26 

pulse duration required for co-reduction. These mechanistic design rules establish a route to 27 

metastable immiscible alloys and enable automated exploration of non-equilibrium 28 

compositions and properties. 29 

 30 
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Main Text 31 

Metallic elemental pairs with positive enthalpies of mixing are generally regarded as 32 

immiscible1–4. This thermodynamic incompatibility, however, also makes them compelling 33 

targets for materials design. Forcing such elements into a single, atomically mixed phase could, 34 

in principle, generate combinations of properties inaccessible to conventional alloys, ranging 35 

from multifunctional structural responses to strained catalytic surface sites with enhanced 36 

activity4–7. 37 

 38 

The central barrier is primarily thermodynamic. A positive enthalpy of mixing favors phase 39 

separation as the lowest-energy state, such that processes operating near equilibrium drive 40 

immiscible elements apart rather than together8. Conventional solidification and thermal 41 

alloying proceed on timescales sufficiently long for compositional fluctuations to relax toward 42 

this equilibrium state4,7,9. Consequently, these approaches rarely access the homogeneous 43 

single-phase compositions required to realize such synergistic properties potentially hidden in 44 

immiscible alloys. 45 

 46 

Overcoming this thermodynamic barrier requires kinetic strategies that outpace phase 47 

separation. Previously, ultrafast Joule heating has established that millisecond heating and 48 

quenching can trap otherwise immiscible elements in mixed nanoparticles before diffusion-49 

driven segregation occurs4,7. However, compositional retention can be difficult to control 50 

because volatile constituents may be lost and the heating rate, peak temperature, dwell time 51 

and cooling rate are intrinsically coupled. These limitations motivate a kinetic approach in 52 

which the reaction rate and duration can be programmed more independently and precisely. 53 

 54 

As an alternative, electrochemical deposition offers a complementary and potentially more 55 

controllable route to alloy formation10–12. In principle, if metal-ion reduction can be driven 56 

faster than surface diffusion and phase separation, atomically mixed immiscible alloys should 57 

form directly at the electrode13, with the added advantage that the driving force, current density, 58 

is a continuously and precisely tunable experimental parameter linked directly to reaction 59 

kinetics14,15. Unlike thermal routes, however, electrochemical alloy formation faces an 60 

additional, distinct bottleneck before the problem of phase separation arises: ions with different 61 

reduction potentials do not naturally reduce or incorporate at the same rate. Under conventional 62 

electrodeposition conditions, the more readily reduced ion is preferentially deposited, while the 63 

less readily reduced ion remains in solution or is incorporated only after the local 64 

electrochemical environment has changed. Thus, even for metals that could in principle form 65 

a mixed phase, a reduction potential mismatch can lead to ion selective deposition or sequential 66 

deposition rather than concurrent co-reduction. For immiscible pairs, electrochemical synthesis 67 

must therefore solve two coupled problems: (1) synchronizing the reduction of dissimilar metal 68 

ions and (2) preventing the reduced atoms from undergoing thermodynamic de-mixing. 69 

 70 

In this work, we establish kinetic atom trapping at ultramicroelectrodes (UMEs) as a route 71 

to override both reduction-potential mismatch and thermodynamic de-mixing across diverse 72 

immiscible pairs (Fig. 1a). The small dimensions of the customized UMEs (25 µm in diameter) 73 



74 

Fig. 1. Kinetic atom trapping enables electrochemical alloying beyond bulk miscibility. a, Conceptual illustration of 75 

kinetic atom trapping at a 25-µm-diameter ultramicroelectrode (UME), where ultrahigh current density drives rapid reduction 76 

of metal ions within a confined near-electrode reaction volume. b, Map of Cu–X mixing enthalpy as a function of standard 77 

reduction potential for representative metal ions. Positive mixing enthalpy identifies thermodynamically immiscible Cu–X 78 

pairs, whereas increasing separation from Cu in reduction potential represents a progressively larger electrochemical barrier 79 

to concurrent reduction. Concentric circles indicate increasing reduction-potential mismatch relative to Cu. c, Schematic 80 

comparison of conventional slow deposition and ultrafast deposition. Slow deposition preferentially consumes the more readily 81 

reduced ion, resulting in selective deposition, whereas rapid depletion of the interfacial ionic inventory enables simultaneous 82 

reduction of dissimilar ions during ultrafast deposition. d, Representative current-pulse protocol consisting of an ultrahigh-83 

current pulse separated by rest periods. e, Equilibrium binary phase diagrams of Cu–Zn, Cu–Ag, and Cu–Fe, representing 84 

systems with distinct equilibrium phase behavior and alloying constraints. f, STEM images and corresponding elemental maps 85 

of Cu–Zn, Cu–Ag, and Cu–Fe particles synthesized by pulsed UME electrodeposition. Spatially overlapping elemental 86 

distributions demonstrate concurrent incorporation of the constituent metals despite their thermodynamic and electrochemical 87 

incompatibilities. 88 

minimize iR drop and support radial diffusion, enabling ultrahigh current densities and access 89 

to electrochemical phenomena on millisecond timescales that are inaccessible at conventional 90 

macroscopic electrodes (Supplementary Fig. 1)16–18. Rather than relying on ultrahigh current 91 

density alone, the strategy exploits a defined kinetic window: the pulse must persist long 92 

enough to deplete the preferentially reduced ion and force concurrent reduction, yet terminate 93 



before radial diffusion replenishes the interface. We quantify this window using characteristic 94 

depletion and replenishment times, thereby providing a predictive and quantitative basis for 95 

selecting current density and pulse duration across dissimilar metal-ion pairs. Within this 96 

window, ions are co-reduced from the same confined interfacial inventory and kinetically 97 

trapped as homogeneous metastable nanoalloys. We further demonstrate support-integrated 98 

Cu–Ag nanoalloys as a proof-of-concept electrocatalyst and establish the physical basis for 99 

future automated, high-throughput exploration of non-equilibrium alloy compositions.  100 

 101 

Transient co-reduction at ultramicroelectrodes. 102 

Figure 1b maps representative elements relative to Cu according to two fundamental barriers 103 

to electrochemical alloying: (1) the difference in standard reduction potential and (2) the Cu–104 

X mixing enthalpy. The horizontal axis measures the reduction potential offset from Cu, 105 

whereas the vertical axis represents the thermodynamic driving force for mixing. Elements 106 

with positive mixing enthalpies lie in the immiscible regime, where conventional alloying 107 

processes favor phase separation rather than formation of a homogeneous alloy. Even for 108 

thermodynamically miscible pairs with negative mixing enthalpies, a large reduction potential 109 

mismatch, shown in concentric circles (blue: 0.2 V, yellow: 1.0 V, and red: 2.0 V), makes their 110 

simultaneous reduction intrinsically difficult under even conventional electrochemical 111 

conditions, instead leading to selective deposition of the more readily reduced species. Indeed, 112 

binary alloy electrodeposition is itself a well-established research topic, encompassing 113 

complex interactions between metal-ion reduction kinetics, mass transport, and phase 114 

formation11,19–21. 115 

 116 

To overcome these two bottlenecks simultaneously, we hypothesized that an ultrahigh-, 117 

ultrashort -current pulses could transiently isolate a confined interfacial reaction volume and 118 

consume the ions initially present within this volume before they are differentially replenished 119 

from the bulk electrolyte (Fig. 1c). Under conventional slow deposition, the more readily 120 

reduced species is preferentially consumed at the electrode surface, progressively shifting the 121 

local interfacial composition and resulting in selective deposition. In contrast, when a 122 

sufficiently large number of electrons is delivered over a timescale shorter than bulk mass 123 

transport, both ionic species can be incorporated within a short transient window before their 124 

distinct reduction tendencies establish compositional separation. We accessed this transient 125 

non-equilibrium regime using UMEs, which are suitable for imposing ultrahigh current 126 

densities over ultrashort durations (Fig. 1d)22, where the short, high-current pulse confines the 127 

reaction to the early-time interfacial regime before bulk ions can replenish the electrode surface. 128 

 129 

Guided by the reduction potential mixing enthalpy map and the corresponding equilibrium 130 

phase diagrams, we selected Cu–Zn, Cu–Ag, and Cu–Fe as representative systems spanning 131 

distinct alloying constraints (Fig. 1b,e). Cu–Zn contains several equilibrium intermediate 132 

phases, yet its positive mixing enthalpy and reduction potential separation exceeding 1 V 133 

impose thermodynamic and electrochemical barriers to homogeneous electrodeposition. By 134 

contrast, Cu–Ag and Cu–Fe exhibit no equilibrium intermediate phases, representing more 135 

stringent cases of immiscibility. Their electrochemical outcomes are further expected to 136 



  137 

Fig. 2. Current- and time-dependent evolution of electrochemical selectivity during alloy deposition. a, Linear sweep 138 

voltammogram of the mixed Cu2+/Ag+ electrolyte acquired at 10 V s-1, showing the electrochemical separation between Ag⁺ 139 

and Cu²⁺ reduction and the onset of hydrogen evolution. b, Galvanostatic voltage transients for Cu–Ag deposition at current 140 

densities from 100 to 100,000 mA cm-2. The inset highlights the first 2 s after current application, revealing the strongly 141 

current-dependent transient polarization preceding the longer-time quasi-steady-state response. c, SEM images and 142 

corresponding Cu and Ag elemental maps of deposits formed under continuous galvanostatic deposition at 102, 103, 104, and 143 

105 mA cm-2. Increasing current density progressively promotes Cu incorporation as rapid Ag+ depletion forces Cu2+ to 144 

participate in charge transfer. d, TEM characterization of the Ag-selective deposit obtained at 100 mA cm-2. The Ag elemental 145 

map, lattice spacing of 2.36 Å, and corresponding FFT pattern are consistent with crystalline fcc Ag. e, Schematic evolution 146 

of the interfacial Cu2+ and Ag+ concentration profiles. At low current density, Ag+ alone sustains the imposed current and Ag-147 

selective deposition persists. At sufficiently high current density, rapid Ag+ depletion forces transient Cu2+ reduction; 148 

subsequent bulk Ag+ replenishment during radial quasi-steady-state diffusion restores Ag-selective deposition. f, STEM 149 

images and elemental maps of Cu–Fe deposits formed at 50,000 mA cm-2 under steady-state and transient-state conditions. 150 

Prolonged deposition produces spatially segregated Cu- and Fe-rich regions, whereas transient deposition yields broadly 151 

overlapping Cu and Fe distributions. 152 

diverge under conventional deposition conditions: Ag should preferentially deposit in the Cu–153 

Ag system because of its more positive reduction potential, whereas Cu should dominate 154 

deposition in the Cu–Fe system because Fe reduction is substantially less favorable. Despite 155 

these distinct thermodynamic and electrochemical constraints, kinetic atom trapping approach 156 

successfully yielded particles in which both constituent elements were uniformly co-localized 157 

across the deposited nanostructures (Fig. 1f). These results demonstrate that the pulse-driven 158 

strategy can kinetically access homogeneously mixed phases even in alloy systems for which 159 

conventional electrochemical deposition would be expected to yield phase separation or single-160 

element-dominated deposition. 161 

 162 

Current- and time-dependency of Cu–Ag deposition 163 

In the Cu–Ag system, linear sweep voltammetry (LSV) shows that the Ag+/Ag reduction 164 

process occurs at a markedly more positive potential than the Cu2+/Cu couple (Fig. 2a). This 165 



large separation indicates that, under conventional galvanostatic deposition, Ag⁺ should be 166 

preferentially reduced at the electrode interface. Cu2+ reduction is therefore expected to remain 167 

strongly suppressed until the local Ag+ concentration is substantially depleted, such that the 168 

applied current can no longer be sustained predominantly by Ag deposition. In other words, 169 

conventional current-driven deposition should proceed through a temporally separated 170 

sequence with initial Ag-rich deposition followed by Cu incorporation only after Ag+ 171 

exhaustion, rather than through the concurrent reduction required for homogeneous Cu–Ag 172 

alloy formation. 173 

 174 

To elucidate the current-density-dependent electrochemical response, we performed 175 

galvanostatic measurements over four orders of magnitude in applied current density, from 100 176 

to 100,000 mA cm-2 (Fig. 2b and Supplementary Fig. 2). The voltage response comprises an 177 

initial transient regime followed by a quasi-steady-state regime. Immediately after current 178 

application, the electrode potential changes rapidly as the electrical double layer is charged and 179 

the interfacial concentrations of electroactive species depart from their bulk values. During this 180 

early period, the diffusion layer grows from the electrode surface, and the concentration profile 181 

evolves continuously with time. 182 

 183 

At early times, mass transport at the UME is effectively planar because the diffusion-layer 184 

thickness remains much smaller than the electrode radius16,17. As the diffusion layer expands 185 

to dimensions comparable to the UME radius, the transport field progressively transitions to 186 

hemispherical radial diffusion, enabling sustained replenishment of electroactive species from 187 

the surrounding electrolyte (Supplementary Fig. 3). Increasing the applied current density 188 

intensifies the early-time depletion of Ag+ near the electrode surface, creating a transient 189 

window in which Cu2+ must contribute to the imposed current before radial quasi-steady-state 190 

transport is established. 191 

 192 

Consistent with this expectation, deposition at 100 mA cm-2 produced no detectable Cu signal, 193 

whereas Ag was deposited exclusively (Fig. 2c). TEM analysis further identified the resulting 194 

particles as predominantly single-crystalline Ag, supported by uniform Ag mapping, lattice 195 

fringes with a spacing of 2.36 Å, and the corresponding FFT pattern characteristic of FCC Ag 196 

(Fig. 2d)23. This reduction-potential-driven selectivity is not unique to the Cu–Ag system. In 197 

contrast to Cu–Ag, where Ag is preferentially reduced, Cu possesses a substantially more 198 

positive reduction potential than Fe and Zn. Accordingly, continuous deposition at 100 mA cm-
199 

2 in the Cu–Fe and Cu–Zn systems produced deposits in which only Cu was detectably 200 

incorporated, whereas Fe and Zn signals were absent or negligible in the corresponding 201 

elemental maps (Supplementary Fig. 4). These results confirm that conventional galvanostatic 202 

deposition generally yields the more readily reduced metal, irrespective of the thermodynamic 203 

mixing characteristics of the alloy pair. 204 

 205 

As the current density was increased to 103 and 104 mA cm-2, Cu became increasingly 206 

detectable (Fig. 2c), indicating that local Ag+ depletion forced Cu2+ to participate in charge 207 

transfer. Nevertheless, Ag remained the predominant deposited species under continuous 208 



deposition, while the Cu was spatially segregated from Ag rather than forming a 209 

compositionally homogeneous alloy (Supplementary Fig. 5). Interestingly, when the current 210 

density was further increased to 105 mA cm⁻², this segregation was no longer apparent. Instead, 211 

Cu and Ag signals became broadly co-distributed across the deposited region (Fig. 2c), 212 

suggesting that ultrahigh-current deposition can suppress macroscopic Cu–Ag separation 213 

despite the intrinsic electrochemical selectivity between Ag+ and Cu2+. In particular, increasing 214 

the current density led to progressively smaller deposits, which may further facilitate 215 

compositional homogenization by shortening the characteristic diffusion length for elemental 216 

segregation (Fig. 2c and Supplementary Figs. 6 and 7)24. 217 

 218 

Fig. 2e summarizes the concentration-gradient evolution underlying this current-dependent 219 

transition. At low current density, Ag+ reduction alone sustains the imposed current, leaving 220 

the Cu2+ concentration near the interface largely unchanged. At moderately high current 221 

densities, partial Ag+ depletion enables Cu2+ reduction, but continuous Ag+ replenishment from 222 

the bulk maintains an Ag-dominated interfacial flux, resulting in segregated Cu and Ag 223 

deposition. At 105 mA cm2-, by contrast, Ag+ is consumed faster than it can be replenished 224 

from the bulk, forcing both Ag+ and Cu2+ within the finite near-electrode ionic inventory to 225 

participate in charge transfer during the early transient regime. However, as the diffusion field 226 

evolves toward a radial quasi-steady state, bulk Ag+ replenishment restores Ag-selective 227 

growth and progressively suppresses Cu2+ reduction. These observations demonstrate that 228 

ultrahigh current density can access concurrent Cu–Ag reduction, but only within a short-lived 229 

transient window before electrochemical selectivity is re-established. 230 

 231 

This transient-to-steady-state evolution of electrochemical selectivity is more directly 232 

visualized in the Cu–Fe system (Fig. 2f). Whereas steady-state deposition produced spatially 233 

segregated Cu- and Fe-rich regions, transient deposition led to broadly overlapping Cu and Fe 234 

distributions across the particle, indicating more homogeneous elemental mixing. The 235 

electrochemical response provides a mechanistic basis for this segregation (Supplementary Fig. 236 

8). At the onset of deposition, the highly negative transient potential renders the reduction of 237 

both Cu and Fe electrochemically accessible, although the initial deposit appears 238 

predominantly Fe-rich, presumably owing to differences in reduction kinetics. As the potential 239 

relaxes upon entering the steady-state regime, Fe reduction is no longer sustained, leaving Cu 240 

as the predominant depositing species. Continued Cu deposition around the initially Fe-rich 241 

region consequently produces the Cu-rich exterior and Fe-rich interior observed under steady-242 

state conditions. 243 

 244 

A quantitative pulse-design window 245 

We next established a physical framework to define the conditions required for concurrent 246 

reduction of ions with different reduction tendencies (Fig. 3a). Two criteria must be satisfied 247 

simultaneously. First, both ionic species at the electrode interface must be depleted within the 248 

pulse duration. In particular, the more readily reduced ion must be consumed rapidly enough 249 

that it can no longer solely sustain the applied current, thereby forcing reduction of the less 250 

noble counterpart. Second, the pulse must terminate before ions from the bulk electrolyte can  251 



 252 

Fig. 3. Quantitative pulse window for transient co-reduction and extension to other alloy systems. a, Schematic 253 

illustration of the two experimental requirements for transient co-reduction: depletion of the preferentially reduced ion at the 254 

electrode interface and termination of the pulse before bulk ions replenish the reaction zone. b, Definition of the relevant time 255 

scales for pulse design. Sand’s time estimates the time required for interfacial depletion of the preferentially reduced ion, 256 

whereas the radial-diffusion time estimates the onset of bulk replenishment at the UME. c, Calculated Sand’s time and radial-257 

diffusion time as a function of current density for the Cu–Ag system. The region between the two time scales defines the pulse-258 

duration window in which Ag+ is depleted but bulk replenishment has not yet restored Ag-selective deposition. d, STEM 259 

images and elemental maps of Fe–Cr, Zn–Cr, and Cu–Ni particles synthesized using pulsed UME electrodeposition. The 260 

overlapping elemental distributions indicate that the transient co-reduction condition can be applied to multiple binary systems. 261 

e, EELS spectra collected from different positions within Fe–Cr particles and from different particles. Similar Fe and Cr edge 262 

profiles across the sampled regions indicate local compositional uniformity and reproducibility of the pulse-synthesized Fe–263 

Cr particles. 264 

diffuse back to the interface and replenish the depleted reaction zone25. Only under these 265 

conditions can the reaction remain confined to a finite near-electrode ionic inventory, enabling 266 

concurrent reduction within the same transient interfacial volume. 267 

 268 

To quantify this framework, we compared two characteristic timescales that bound the 269 

accessible pulse window (Fig. 3b). The lower bound is the interfacial depletion time, estimated 270 

using Sand’s time, ts, which describes the time required for the concentration of an electroactive 271 

ion at the electrode surface to approach depletion under galvanostatic, planar diffusion-limited 272 

conditions: 273 

 274 



ts = (πD/4)(nFC0/j)2 
275 

 276 

, where D is the ionic diffusivity, n is the number of electrons transferred per ion, F is the 277 

Faraday constant, C0 is the bulk concentration of the electroactive ion and j is the applied 278 

current density15,26. Because Ag+ is preferentially reduced over Cu2+ in the Cu–Ag system, Ag+ 279 

depletion is the key event that must occur before Cu2+ reduction. Indeed, Sand derived this 280 

framework to account for the abrupt potential jump and subsequent onset of a secondary 281 

reaction (originally hydrogen evolution) once the primary electroactive species is depleted at 282 

the interface26. In our binary system, this interfacial depletion is similarly leveraged to trigger 283 

the reduction of the less noble counterpart. We therefore calculated ts on the basis of Ag+ 284 

depletion (Supplementary Fig. 9). 285 

 286 

The upper bound, on the other hand, is the time required for bulk ions to diffuse over the 287 

characteristic UME length scale and replenish the depleted interfacial region. This timescale 288 

was approximated as 289 

trad ≈ a2/D 290 

 291 

, where a is the electrode radius, D is the ionic diffusivity, and subscript rad refers to the radial 292 

diffusion where bulk Ag ions reach the electrode surface16,27. This corresponds to the time at 293 

which the diffusion length becomes comparable to the electrode radius and the diffusion field 294 

begins to transition from early-time linear diffusion to the radial diffusion regime characteristic 295 

of UMEs (Supplementary Fig. 3). Once this regime is reached, bulk replenishment becomes 296 

efficient and the system approaches a quasi-steady-state current, restoring Ag-dominated 297 

selective deposition. Importantly, UME electrochemistry provides a direct experimental route 298 

to estimate ionic diffusivity, because the steady-state diffusion-limited current is well defined 299 

and can be related to ionic diffusivity under the same electrolyte and electrode geometry used 300 

in the experiment (Supplementary Fig. 10)15–17. Accordingly, concurrent Cu–Ag reduction is 301 

expected only when the pulse duration satisfies 302 

 303 

ts < tpulse < trad 304 

 305 

, such that interfacial Ag+ has already been depleted, while bulk Ag+ has not yet reached the 306 

reaction zone in sufficient quantity to restore selective deposition. 307 

 308 

Figure 3c visualizes this criterion by plotting the calculated characteristic times as a function 309 

of current density. The Ag+-based Sand’s time decreases sharply with increasing current 310 

density, whereas the radial-diffusion timescale remains approximately constant at ~30 ms 311 

under the present UME geometry and electrolyte conditions. The blue shaded region therefore 312 

defines the pulse-design window in which the two requirements in Fig. 3a are simultaneously 313 

satisfied. At times shorter than ts, Ag+ is not yet sufficiently depleted and Ag-selective 314 

reduction persists. At times longer than trad, bulk Ag+ replenishes the interface and the system 315 

reverts toward steady-state Ag-dominated deposition (Supplementary Fig. 11). Only within the 316 

shaded regime can the conventional electrochemical selectivity be bypassed, providing a  317 



 318 

Fig. 4. Conceptual design of an automated high-throughput workflow. a, Conceptual automated workflow integrating 319 

immiscible-alloy electrodeposition with subsequent electrochemical evaluation. A microelectrode array is positioned over a 320 

compositionally varied precursor-electrolyte batch, subjected to programmed electrical pulses to generate an alloy library, 321 

rinsed, and transferred to a separate electrolyte batch for parallel catalytic testing. b, Representative scanning electron 322 

microscopic images demonstrating particle loss from an unsupported electrode during hydrogen-evolution conditions, 323 

highlighting the mechanical instability of weakly adhered deposits during gas evolution. c, CNT–Nafion support architecture 324 

used to improve particle retention, including a photograph of the CNT–Nafion ink, schematic illustration of coating formation 325 

on the electrode, and SEM image of the resulting carbon support layer. d, Galvanostatic potential transient during Cu–Ag 326 

deposition on the CNT–Nafion-coated electrode. Marked time points correspond to the short transient pulse and prolonged 327 

deposition conditions used for structural comparison. e, TEM images of deposits obtained after 0.05s and 5s deposition. The 328 

short pulse produces nanoscale Cu–Ag deposits on the carbon support, whereas prolonged deposition produces substantially 329 

larger Ag-rich crystalline particles. f, Hydrogen-evolution polarization curves measured at 10 mV s-1 in 0.5 M H2SO4 for bare 330 

electrode, SWCNT-coated electrode, and Cu–Ag-decorated SWCNT-coated electrode. The enhanced cathodic response of the 331 

supported Cu–Ag electrode demonstrates electrical integration and electrochemical accessibility of the pulse-synthesized alloy. 332 

quantitative design rule for choosing current density and pulse duration to access non-333 

equilibrium alloy formation. 334 

 335 

Guided by this framework, we extended the pulse-design strategy to a broader range of binary 336 

systems with distinct elemental identities and alloying constraints (Fig. 3d). In each case, 337 



ultrahigh, ultrashort pulse deposition produced particles with spatially overlapping elemental 338 

distributions, including Fe–Cr, Zn–Cr, and Cu–Ni, indicating that the framework is not limited 339 

to a specific redox pair but is broadly applicable across diverse elemental combinations. The 340 

resulting STEM-EDS maps show no obvious elemental segregation at the particle scale, 341 

demonstrating that the pulse window, we proposed, can generally drive concurrent 342 

incorporation of dissimilar ions into the same confined interfacial reaction volume. 343 

 344 

In particular, we further examined the Fe–Cr system by EELS to assess chemical homogeneity 345 

at higher spatial resolution (Fig. 3e). Spectra acquired from different positions within a given 346 

particle, as well as from different particles, showed nearly identical Fe and Cr edge features 347 

and relative spectral profiles. The absence of position-dependent spectral variation indicates 348 

that the local composition is highly uniform throughout each particle, while the reproducibility 349 

across particles confirms that this uniformity is not an isolated event but a general outcome of 350 

the pulse-driven process. Together, these results provide strong evidence that the present 351 

framework enables the synthesis of chemically homogeneous alloys across multiple immiscible 352 

alloy systems. 353 

 354 

Conceptual design of an automated high-throughput workflow 355 

Having established pulse-enabled electrodeposition as a route to synthesize immiscible alloys, 356 

we next considered how this strategy could be extended beyond individual material synthesis 357 

toward an automated discovery workflow. As a proof of concept, we propose a hypothetical 358 

high-throughput platform that integrates parallel alloy electrodeposition with subsequent 359 

catalyst evaluation, thereby linking transient electrochemical synthesis directly to rapid 360 

functional screening (Fig. 4a). In this envisioned automated workflow, a robotic handler would 361 

precisely position a microelectrode array over a compositionally varied electrolyte batch, 362 

allowing each microelectrode to access a pre-defined precursor solution and receive 363 

programmed ultrahigh, ultrashort pulses. This arrangement could enable the parallel generation 364 

of distinct metastable alloy compositions under systematically varied electrolyte compositions 365 

and pulse parameters. The handler would then rinse the array and transfer it to a separate testing 366 

electrolyte, where the catalytic responses of the resulting alloy library could be evaluated in 367 

parallel under identical electrochemical conditions28. 368 

 369 

A key practical consideration is the mechanical stability of the deposited catalysts. Under 370 

ultrahigh current operation, vigorous hydrogen evolution and associated bubble formation can 371 

detach weakly adhered particles from the electrode surface (Fig. 4b and Supplementary Fig. 372 

12). Moreover, practical electrocatalysts are commonly integrated with conductive carbon 373 

supports rather than used as unsupported metal particles. To address both considerations, we 374 

introduced a CNT–Nafion adhesion layer onto the microelectrode surface before alloy 375 

deposition (Fig. 4c)29. The interconnected CNT network provides a conductive, high-surface-376 

area scaffold for particle anchoring, whereas Nafion promotes interfacial adhesion. Immiscible 377 

alloy growth was subsequently induced on this CNT–Nafion-coated surface, providing an 378 

electrode architecture designed to retain the pulse-synthesized particles during transfer, rinsing, 379 

and catalytic testing. 380 



 381 

To validate this support-assisted deposition strategy, we compared long and transient 382 

deposition protocols on CNT–Nafion-coated electrodes (Fig. 4d). When plating was continued 383 

for 5 s, corresponding to the quasi-steady-state regime, discrete Ag single-crystalline particles 384 

were formed on the carbon support (Fig. 4e), consistent with the Ag-selective deposition 385 

observed under prolonged galvanostatic conditions. By contrast, limiting the deposition to a 386 

0.05-s pulse confined the reaction to the transient regime and produced Cu–Ag alloy 387 

nanoparticles directly on the CNT-supported electrode surface, showing much smaller particle 388 

size. 389 

 390 

As a proof-of-concept demonstration of catalyst integration, the transient Cu–Ag alloy was 391 

deposited onto a CNT-coated electrode and subsequently evaluated for hydrogen evolution in 392 

0.5 M H2SO4 (Fig. 4f). Although detailed optimization of catalyst loading, support structure, 393 

electrolyte composition and testing parameters was beyond the scope of this study, the CNT-394 

supported Cu–Ag alloy electrode exhibited an enhanced cathodic response relative to bare and 395 

CNT-coated control electrodes. This comparison demonstrates that the transiently synthesized 396 

alloy remains electrically accessible and catalytically active after integration with a practical 397 

carbon-supported electrode architecture, but is not intended to establish a composition-specific 398 

synergistic effect in the absence of corresponding single-metal Cu and Ag controls. More 399 

broadly, the result shows that pulse-driven immiscible alloy synthesis can be extended from 400 

unsupported particles on a model UME to support-integrated catalyst configurations suitable 401 

for downstream electrochemical evaluation. 402 

 403 

Together, the UME-based physical framework, pulse-controlled alloy synthesis, and support-404 

assisted catalyst integration establish a foundation for systematic exploration of non-405 

equilibrium alloy compositions. While the present work does not implement a fully automated 406 

high-throughput screening platform, it defines the key physical and practical elements required 407 

for such a workflow: controlled transient depletion at UMEs, programmable access to 408 

metastable alloy compositions, and direct integration of the resulting materials onto conductive 409 

catalyst supports. By independently varying elemental precursors, current density, and pulse 410 

duration across a microelectrode array, this approach could ultimately enable high-throughput 411 

mapping of metastable alloy formation and catalytic performance across otherwise inaccessible 412 

compositional spaces. 413 

 414 

Conclusion 415 

In summary, we establish a kinetic atom trapping that confines metal-ion reduction to a finite 416 

interfacial inventory and thereby bypasses the reduction-potential-driven selectivity that 417 

normally prevents concurrent deposition of dissimilar ions. By leveraging the well-defined 418 

transient transport characteristics of UMEs, we define a quantitative kinetic window in which 419 

the pulse duration is bounded by the depletion time of the preferentially reduced ion and the 420 

onset of bulk-ion replenishment. This predictive framework, rather than ultrahigh current 421 

density alone, enables the rational selection of current density and pulse duration to access 422 

kinetically trapped, compositionally homogeneous alloys across chemically distinct and 423 



otherwise difficult-to-co-deposit elemental pairs. 424 

 425 

Beyond demonstrating metastable alloy formation, this work establishes the foundation for a 426 

broader materials-discovery strategy. The combination of UME-based transient 427 

electrochemistry, pulse-design rules, and support-integrated catalyst architectures provides a 428 

route toward systematic screening of non-equilibrium alloy compositions and their 429 

electrocatalytic properties. Although a fully automated high-throughput platform was not 430 

implemented here, the principles established in this study define the essential physical and 431 

practical basis for parallelized alloy synthesis, rapid compositional exploration, and catalyst 432 

discovery across vast elemental, compositional, and processing spaces. 433 

 434 
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 493 



Methods 494 

Materials 495 

Metal precursors used in this study include copper(II) nitrate trihydrate (Cu(NO₃)2·3H2O), zinc 496 

nitrate hexahydrate (Zn(NO3)2·6H2O), iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O), 497 

chromium(III) nitrate nonahydrate (Cr(NO3)3·9H2O), nickel nitrate hexahydrate 498 

(Ni(NO3)2·6H2O), silver nitrate (AgNO3), iron(II) sulfate heptahydrate (FeSO4·7H2O), and 499 

copper(II) sulfate pentahydrate (CuSO4·5H2O). 500 

Aqueous electrolytes were prepared using deionized (DI) water, with the concentration of each 501 

metal precursor fixed at 0.30 M unless otherwise specified. For each electrolyte, the required 502 

mass of each salt was calculated according to its molecular weight and the target solution 503 

volume. The salts were first completely dissolved in a small volume of DI water, after which 504 

additional DI water was added to reach the prescribed final volume. For binary-metal 505 

electrolytes, the required amounts of the two precursor salts were dissolved together using the 506 

same procedure, with each metal precursor maintained at 0.30 M. For Ag-containing 507 

electrolytes, a quasi-reference electrode was used instead of a conventional Ag/AgCl reference 508 

electrode to prevent chloride leakage from the reference electrode and the resulting 509 

precipitation of AgCl in the electrolyte. 510 

Fabrication of tungsten ultramicroelectrodes 511 

Disk-type tungsten ultramicroelectrodes (W-UMEs) were fabricated from 25-µm-diameter 512 

tungsten wire encapsulated in glass (Supplementary Fig. 1). The glass capillary was locally 513 

softened with a flame and pulled around the wire to form a continuous seal, and the rear of the 514 

capillary was filled with epoxy before making the electrical connection. After curing, the tip 515 

was mechanically polished until a circular tungsten disk was exposed, with the surrounding 516 

glass. The nominal electrode radius was 12.5 µm. The exposed disk was inspected optically 517 

before use and re-polished after deposition experiments to restore the disk geometry. 518 

Electrochemical measurements and alloy deposition 519 

Linear sweep voltammetry (LSV), galvanostatic measurements, and pulse deposition were 520 

performed at room temperature. Three-electrode LSV measurements used the W-UME as the 521 

working electrode, a graphite rod as the counter electrode, and an Ag/AgCl reference 522 

electrode/quasi-reference electrode. For Ag-containing high-current deposition, a KCl-filled 523 

reference electrode was avoided because chloride leakage produced AgCl contamination in 524 

preliminary experiments; the W-UME was therefore paired with an Ag/AgCl wire in a two-525 

electrode configuration, and the measured potential is reported versus quasi-Ag/AgCl. When 526 

greater material loading was required, short pulses were repeated with intervening rest periods 527 

rather than extending a single pulse into the quasi-steady-state regime. 528 

Determination of diffusivity and pulse-design timescales 529 

Ionic diffusivities were obtained from the steady-state limiting current at the disk UME using 530 

iss = 4nFDCa, where n is the number of transferred electrons, F is the Faraday constant, D is 531 

the diffusion coefficient, C is the bulk concentration, and a is the electrode radius. The 532 

interfacial depletion time was calculated from Sand’s relation, ts = (πD/4)(nFC₀/j)2, where C₀ 533 

is the bulk concentration and j is the applied current density. The onset of efficient radial 534 

replenishment was estimated from the characteristic diffusion time across the UME radius. 535 

These quantities were used to construct the pulse-design map in Fig. 3C; pulse durations were 536 



selected to exceed the depletion time of the preferentially reduced species while remaining 537 

shorter than the radial-replenishment time. 538 

Microscopy sample preparation and characterization 539 

After electrodeposition, the UME tip was rinsed thoroughly with DI water to remove residual 540 

electrolyte. For transmission electron microscopy, deposited material was transferred directly 541 

into DI water and placed onto lacey-carbon TEM grids. Ethanol was not used during this 542 

transfer because carbonaceous residues were repeatedly observed after ethanol-based sample 543 

preparation. The grids were dried in a vacuum oven for at least 10 h before analysis. Fe-544 

containing samples were characterized as soon as practicable after preparation to minimize 545 

changes associated with oxidation or hydroxide formation. Deposit morphology was examined 546 

by scanning electron microscopy (SEM), and elemental distributions were evaluated by 547 

energy-dispersive X-ray spectroscopy (EDS). Transmission electron microscopy (TEM), high-548 

resolution TEM (HRTEM), scanning TEM (STEM), and STEM-EDS mapping were used to 549 

evaluate particle morphology, crystallinity, and nanoscale elemental distributions. For Fe–Cr, 550 

electron energy-loss spectroscopy (EELS) was acquired at multiple positions within individual 551 

particles and across different particles to evaluate local compositional uniformity. 552 

CNT–Nafion-supported electrodes and electrocatalytic measurements 553 

A 25um-diameter W-UME and 3mm-diameter glassy-carbon electrode were used for the 554 

support-integrated catalyst experiments. SWCNTs and Nafion were dispersed to form a CNT–555 

Nafion ink, which was drop-cast onto the electrode surface and dried to produce a conductive 556 

adhesion layer. Cu–Ag was then electrodeposited directly onto the supported electrode. The 557 

electrodes were rinsed after deposition and transferred to 0.5 M H₂SO₄ for hydrogen-evolution 558 

measurements. Polarization curves were collected at 10 mV s⁻¹. 559 

 560 

Data availability 561 

All the data that support the findings of this study are available from the corresponding authors 562 

on reasonable request. 563 
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