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Abstract

Spontaneous NH4" uptake using solid-state redox-active materials, driven by the oxidation
of organic matter in manure wastewater, provides a sustainable and energy-friendly method for
nutrient recovery. However, the mechanism of electron transfer and accompanying ion transport
are poorly understood. Here, we investigated the electron transfer pathway and NH4" uptake
mechanism by analyzing the composition changes in manure wastewater via NMR and the
corresponding electrochemical results. We found that the spontaneous NH4" uptake involves a
direct electron transfer process without redox mediators, with the co-occurrence of ion
intercalation and adsorption. Based on the elucidated mechanisms, a core-shell Prussian blue
analogue redox material with improved stability in manure wastewater and enhanced NHa"
recovery compared to previously reported electrode materials was developed. Such a fundamental
understanding of the oxidation of organic compounds and spontaneous NH4" uptake by redox-
active materials can guide the design of redox materials for effective resource recovery and

environmental applications.

Battery electrode materials, essentially solid-state redox-active materials, have played a
critical role in the ongoing transformation of renewable energy technologies by converting and

storing electrical energy into electrochemical energy, enabling mobile electronics, electrified
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transportation, and grid-scale energy storage.!” Battery materials can also temporarily store
electrons and ions and redirect them to pair with different electrochemical or chemical processes.®
4 When the electrochemical potential of redox-active materials is sufficiently high, they can
spontaneously react with the organic molecules in the electrolyte. For battery electrode materials,
such spontaneous reaction between organic electrolytes and anodes is not desirable and often
kinetically inhibited by the formation of the solid-electrolyte interphase (SEI).'> '® On the other
hand, traditional chemical synthesis has utilized various redox-active materials as heterogeneous
oxidants in aqueous or organic solutions.!” For example, nickel peroxide (NiO2) can oxidize
alcohols, amines, Schiff’s bases, and other organic compounds with high yields (> 80 %) and high
selectivity at room or evaluated temperatures.'®?° Beyond simple redox systems with pure
reactants, redox-active natural minerals with relatively high electrochemical potentials can also
oxidize organic matter from natural water and remove organic contaminants from wastewater.?!
For example, Earth-abundant manganese oxides (MnOz2) have been explored to oxidize humic
substances®? and other organic compounds like phenols and organic acids in soils or wastewater.?*-
27 Despite these studies on the use of solid-state redox-active materials for the oxidation of organic
compounds in organic synthesis?’ and contaminant removal,?® the reduction mechanisms of redox-
active materials and guidelines for developing more effective redox-active materials remain

unclear.

It is often overlooked but worth noting that the electron transfer between redox-active
materials and organic compounds is always accompanied by ion transport. Transport of protons,
which are always available in aqueous solutions, is usually coupled with electron transfer to
maintain the charge balance of redox materials, such as from NiO2 or NiOOH to Ni(OH)2,2%%° or
the reductive dissolution of MnO2 to Mn?*.2* Redox-active materials that can selectively intercalate
ions also provide opportunities for resource recovery.’®*> Recently, our group developed an
efficient electrochemical approach for ammonium (NHs4") recovery and co-production of
chemicals from manure wastewater using a Prussian blue analogue (PBA) redox reservoir (RR)
material, potassium nickel hexacyanoferrate (KNiHCF).*®* An unusual aspect of this
electrochemical process is that the KNiHCF electrode could spontaneously oxidize organic
compounds present in manure wastewater and uptake nutrient ions (NHs" and K*) with a high
selectivity. The thermodynamic driving force of spontaneous NH4" uptake is believed to be the

electrochemical potential difference between the redox potentials of the KNiHCF electrode and
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the organic compounds. However, the electron transfer mechanism in the complicated manure
wastewater was unclear, especially given the numerous metabolites and microorganisms present
in manure wastewater that may serve as chemical or biological mediators.?”- *® Understanding the
spontaneous oxidation of organic compounds in manure wastewater and elucidating possible
electron transfer pathways to the KNiHCF electrode would provide new insights into developing

more effective redox materials for resource recovery and organic removal.

In this study, we investigate the electron transfer pathway from organic compounds in
manure wastewater to redox-active materials and the NH4" uptake mechanism using KNiHCF as
the model electrode (Fig. 1a). By examining the effect of microorganisms and the compositions of
dissolved organic compounds by nuclear magnetic resonance (NMR), we identify direct electron
transfer (Fig. 1b), as opposed to mediated electron transfer (Fig. 1c), in such an oxidation process
on the redox electrode.>® The concentration changes of organic compounds and corresponding
electrochemical results during NH4" recovery reveal the co-occurrence of the ion intercalation and
adsorption on the redox-active electrode in manure wastewater (Fig. 1d). Based on the elucidated
mechanism, we further design CuHCF@KNiIHCF core-shell redox material with higher redox
potential and a similar interface that shows improved performance in NH4" uptake and oxidation
of organic compounds than the model KNiHCF material. These insights into the electron transfer
pathways and material design principles are crucial for developing more efficient and selective

redox systems for resource recovery and environmental applications.
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Figure 1. Studies on the electron transfer from organic matter to redox-active KiNiHCF
material and the accompanied ion transport. (a) Schematic illustration of spontaneous
oxidation of organic matter and electrochemical NH4" recovery from manure wastewater and the
NMR and ionic chromatography analysis on the organic compounds and pertinent ions in manure
wastewater and recovered solutions. Illustration of the processes of: (b) direct electron transfer
from organic matter to redox-active materials vs. (c) mediated electron transfer through redox
mediators or microorganisms to redox-active materials. Here, proton-coupled electron transfer is
shown as an example; (d) furthermore, direct electron transfer from organic matter to redox-active
materials accompanied by selective ion intercalation vs. ion adsorption. NH4" is shown in (d) as

an example of selectively intercalated cations.

We first studied the effect of microorganisms present in manure wastewater to identify
whether electrons transfer from organic matter to redox-active materials goes through direct
electron transfer (Fig. 1b) or mediated electron transfer (Fig. 1c). The difference between the two
pathways is whether chemical or biological mediators participated in the redox process.>* KNiHCF

with good stability was used as the model redox material with a specific capacity of 186 C g™! (see
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Materials and Methods in the SI). We conducted the spontaneous ammonia uptake in manure
wastewater with a pH of 9. Given that the pKa of “NH4" < H" + NH3” is 9.2, 39 % of ammonia is
present as NH3 in manure wastewater, and the other is as NH4". Considering the chemical
equilibrium and proton generation during the oxidation of organic matter, the continuous
conversion from NH3 and protons to NH4" occurs during the spontaneous NH4" uptake. To kill
bacteria/pathogens or inactivate bio-mediators in manure wastewater, we pasteurized manure
wastewater under N2 at 100 °C for 24 hours (Fig. S1) or froze manure wastewater at -80 °C for
three days (see Methods). The cation concentrations in manure wastewater did not change much
after pasteurization treatment (Fig. 2a), except the decrease of NH4" concentration from 497 + 23
mM to 393 £ 5 mM, which might result from the NH3 evaporation. We conducted three parallel
NH4" recovery runs (noted as run 1, run 2, and run 3) in manure wastewater before and after
pasteurization using the same KNiHCF electrode, which included spontaneous NH4" uptake in
(treated) manure wastewater and then electrochemical NH4" recovery paired with hydrogen
evolution reaction in 0.1 M Li2SO4 solution (pH~2) (see Methods).>® The NH4" removal of ~67 %
and nutrient selectivity of over 90 % in pasteurized manure wastewater were similar to those in
unpasteurized manure wastewater (Fig. 2b). The chemical oxygen demand (COD) removal of 28.1
+ 1.9 % in pasteurized manure wastewater was similar to that in manure wastewater (30.9 = 1.6 %)
(Fig. 2¢). The NH4" removal and COD removal in manure wastewater that has gone through
freezing treatment also did not show obvious changes compared to untreated manure wastewater
(Fig. S2). Therefore, unlike microbial fuel cells, where microorganisms play an essential role in
oxidizing organic molecules,** *! the spontaneous oxidation of organic matter and NH4" uptake

using redox-active materials can occur in manure wastewater without active microorganisms.
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Figure 2. Effect of microorganisms on the spontaneous oxidation of organic matter and NH4*
uptake by KNiHCF electrode and the compositional changes of organic compounds in
manure wastewater after oxidation. (a) Concentration changes of NH4", K*, and Na* in manure
wastewater before and after pasteurization treatment. (b) The NHs4" removal and nutrient
selectivity by the KNiHCF electrode and (c) COD removal in manure wastewater through the
electrochemical NH4" recovery process from the manure wastewater before and after
pasteurization treatment. (d) Measured COD and COD removal over a three-cycle NH4" recovery
process in manure wastewater and (e) corresponding calculated COD based on the NMR analysis
of the organic metabolite compounds in manure wastewater. (f) Volcano plot of various
metabolites in manure wastewater based on the NMR analyses before and after NH4" recovery.
Each dot represents one metabolite. Dots above the horizontal green dash line represent
metabolites with p <0.05 (-log10(p-value) > 1.3) while those below the line represent those with
p>0.05. Dots in the light purple area represent metabolites that show significant concentration

changes (|logoFC| = 1). Dots in the grey area represent metabolites without significant

concentration changes (|[log2FC| < 1).

We conducted a comprehensive NMR analysis of the soluble organic compounds

(metabolites) in manure wastewater (see Methods) to explore possible chemical mediators and



electron donors. We identified the top 44 metabolites in manure wastewater and classified them
into five categories (Table S1): carboxylic acids, amines, amino acids and derivatives, metabolites
with -OH groups, and others. The calculated COD based on the NMR results of all metabolites
(20.6 g L") was remarkably close to the measured COD (22.4 g L") (see details of calculation in
Note S1 and results in Table S2), partially confirming the reliability of NMR analysis. The top 44
metabolites, however, did not contain possible chemical mediators with reversible redox functional
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groups (e.g., C=0 or C=N bonds suggesting that the electron transfer process during the

oxidation of organic matter may not be a mediated process.

We then conducted a three-cycle NHs" uptake and recovery from manure wastewater and
analyzed its composition changes. Cycles 1 and 2 removed similar absolute amount and percentage
of the initial COD, but cycle 3 removed much less, reaching an accumulated COD removal of 83%
(Fig. 2d). One might expect a more equal absolute amount of COD removal each cycle and a linear
progression of the accumulated percentage COD removal. During cycle 3, the redox-active
electrode could not effectively oxidize the remaining organic species after two oxidation cycles.
The slight change in COD removal from cycles 1 to 2 might result from the volume reduction of

manure wastewater due to sampling for COD analysis (see Methods).

Nearly all peaks in the NMR spectra of manure wastewater after 3-cycle NHas" uptake
decreased, and some peaks disappeared (Fig. S3). Detailed comparison of the concentrations of
metabolites before and after showed that nearly all amino acids and derivatives and metabolites
with -OH groups, most amines, and some carboxylic acids were removed (Table S3). The
calculated COD removal based on NMR results before and after NH4" recovery was ~76 % (Fig.
2e, Tables S2 and S4), which is close to the measured COD removal of ~83 %, further confirming
the reliability of NMR analysis. The COD from carboxylic acids contributed 85.3 % of the total
COD in initial manure wastewater and increased to 90.5 % and 93.9 % after 1-cycle and 3-cycle
NH4" recovery (Fig. S4), suggesting that carboxylic acids are more inert against oxidation
compared to other metabolites. The volcano plot of all metabolites (Fig. 2f) shows that the
concentrations of 11 metabolites significantly decreased with a magnitude of 2-fold or greater after

NH4" recovery (log2FC = 1 or < —1, purple area). This group of 11 metabolites include amines,

amino acids, and metabolite with -OH group, and some carboxylic acids, such as acetate, benzoate,



and pimelate. These results reveal that direct electron transfer drives the oxidation and removal of

different organic matter (metabolites) and spontaneous NH4" uptake in manure wastewater.

To gain a deeper understanding on why organic compounds can be oxidized and how they
can be removed during spontaneous NH4" uptake, we compared the electrochemical potentials to
oxidize various organic compounds**° with the redox potential of the KNiHCF electrode. In 1 M
NH4Cl solution, the redox conversion of the KNiHCF electrode is ~0.68 V vs. standard hydrogen
electrode (SHE) (Fig. 3a), which could oxidize some alcohols, amines, and aniline, but is lower
than the required oxidization potentials of other metabolites, such as most carboxylic acids.*> Also,
the equivalent charges of COD removal [C(COD, removal)] during NH4" uptake from manure
wastewater were larger than the charges passing through the KNiHCF electrode [C(RR)] in
electrochemical NH4" recovery (Fig. 3b). This suggests that the direct oxidation of organic

compounds only contributed to parts of the observed COD removal.
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Figure 3. NH4" uptake driven by direct oxidation of organic compounds and adsorption on
KNiHCF electrode. (a) Comparison of the redox conversion potential of the KNiHCF electrode
and the potentials to oxidize various classes of organic compounds (vs. SHE). (b) Comparison of
the equivalent charge of COD removal in manure wastewater [C(COD, removal)] and the RR-
related charges in the recovered solution during NH4" uptake from manure wastewater: C(COD,
recovered) is the equivalent charge of COD in the recovered solution and C(RR) is the capacity of

the KNiHCEF electrode. (¢) Comparison of the equivalent charge of recovered cations and the RR-



related charges in the recovered solution during NH4" uptake from synthetic wastewater with
acetate. C(recovered cations) is the equivalent charge of recovered cations in the recovered
solution. Synthetic wastewater with acetate is a mixed solution of 0.35 M NH4Ac, 0.15 M NH4Cl,
0.050 M HCOOK, 0.133 M KHCOs and 0.146 M NaHCO:s.

As illustrated in Fig. 1b, a typical direct electron transfer process includes diffusion of
reactants from the solution to the surface of the electrode, adsorption of reactants on the electrode,
electron transfer between reactants and the electrode, desorption of products, and diffusion of
products to the solution.*® Since adsorption of organic compounds occurs before electron transfer
and desorption, we hypothesize that some anions that are adsorbed on the electrode surface or
some products that are not easily desorbed can cause cations in manure wastewater to attach to the
electrode surface to maintain charge balance (Fig. 1d). To verify this hypothesis, we measured the
equivalent charge of COD in the recovered solution [C(COD, recovered)] to reveal the amount of
adsorbed organic species during NH4" uptake because such organic species could not be
intercalated and released into the recovered solution by the electrode material. We found that
C(COD, removal) (149 + 45 C) was almost equal to the sum of C(COD, recovered) (68 £4 C) and
C(RR) (84 £ 21 C) in manure wastewater (Fig. 3b and Table S5). In other words, the spontaneous
NH4" uptake from manure wastewater included both NH4" intercalation driven by the oxidation of
organic matter and NHa" adsorption on the electrode surface. This also explains the observed above
100 % FE for recovered cations in our previous work.>® We used electron microscopy to
characterize the morphology and the porosity of the KNiHCF electrode (Fig. S5). The
electrochemical active surface area (ECSA) of the KNiHCF electrode was 24 times higher than
the bare substrate (Fig. S6), which suggested that the NH4" adsorption might be related to the

surface area of the electrode.

To further confirm the “direct electron transfer and adsorption” mechanism, we conducted
electrochemical NH4" uptake in synthetic wastewater with organic anions (see details in Methods).
We use synthetic wastewater that contains acetate to represent inert carboxylic acids and formate
to represent reactive metabolites. The KNiHCF electrode electrochemically removed NH4" from
this synthetic wastewater and released NH4" and adsorbed anions in recovered solutions. The
corresponding charges from recovered NH4" cations [C(recovered cations)] were 107. 1 £ 0.5 C,

which was close to the sum of C(COD, recovered) (35.5 + 4.8 C) and C(RR) (72.0 C) (Fig. 3¢ and



Table S6). Since all ionic species in this synthetic wastewater are monovalent (+1 or -1), such
balance between C(recovered cations) and C(COD, recovered) with C(RR) shows that the NH4"
uptake from synthetic wastewater with organic anions can come from both NH4" intercalation and

adsorption on the electrode surface.

Based on the mechanism of organic matter oxidation elucidated above, the key to
improving NHa" uptake efficiency is developing NH4 -selective redox materials that can readily
oxidize organic compounds. Since the thermodynamic driving force is the potential difference
between the redox-active electrode and the organic compounds, redox materials with similar
interfaces to KNiHCF but higher oxidation potential should increase the reaction rate. We
surveyed PBAs that contain other metal ions, such as Fe’" and Cu?",’® and studied their cyclic
voltammograms (CVs) together with that of KNiHCF (Fig. 4a), in comparison with the oxidation
potential of organic matter in manure wastewater (red vertical line). CuHCF should be more potent
in oxidizing the organic matter but might be less stable, and FeHCF might be more stable but less
effective in oxidizing the organic matter. Based on these, we further designed NH4"-selective core-
shell electrode materials consisting of core MHCF nanoparticles with different redox potentials

and a stable KNiHCF shell (noted as MHCF@KNiHCF, M is Fe or Cu) (Fig. 4a).
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Figure 4. Electrochemical characterizations of Prussian blue analogs (PBAs) with different
redox potentials as redox-active electrodes. (a) The electrochemical potential scale showing

PBAs with different redox potentials (vertical lines with different colors) in comparison with the
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oxidation potential of organic matter in manure wastewater (red vertical line). Zoomed out CVs of
these PBAs without vertical axes are shown to highlight the different redox potentials. The boxes
with light-red cores and orange shells schematically represent the core-shell PBA nanoparticles.
(b) SEM image of the as-synthesized CuHCF@KNiHCF core-shell nanoparticles. (¢) Cycling
stability of various PBA electrodes in manure wastewater at 2C rate (130 mA g™'). The capacity of
FeHCF was nearly zero and not shown here. (d) Cyclic voltammograms of the CuHCF@KNiHCF
electrode at 1 mV s in solutions of 1 M KCI, 1 M NaCl, and 1 M NH4Cl. (e) Calculated
intercalation potential difference between NH4" and K* or Na" at different molar ratios of NH4 /K"
or Na". The red dots show the actual NH4"/K" or Na* concentration ratios in the manure wastewater

used in this study.

We synthesized different core-shell PBA nanoparticles via a two-step process,’’ >

including synthesis of core MHCF nanoparticles and forming the KNiHCF shell on the surface of
these core nanoparticles (Methods and Fig. S7). The diameter of the as-synthesized core-shell PBA
nanoparticles was ~50 nm (Fig. 4b and Fig. S8), similar to the core nanoparticles, indicating that
the formed shells were thin. The Powder X-ray diffraction (PXRD) patterns of these nanoparticles
matched well with the standard pattern of the cubic phase of Prussian blue (JCPDS No. 52-1907)
(Fig. S9). The chemical formulas of these materials were determined using thermal gravimetric
analysis (TGA) and inductively coupled plasma optical emission spectroscopy (ICP-OES) (Table
S7), e.g., CUHCF@KNiHCF (Ko.1Cuo.77N10.64[Fe(CN)s] - 4.8 H20) and FeHCF@KNiHCF
(Ko.17Nio.75Feo0.75[Fe(CN)s] - 3.7 H20).

We evaluated the redox potentials of these PBA electrodes in 1 M NH4Cl solution and their
cycling stability in manure wastewater. Cyclic voltammograms (CV) of these electrodes showed
that the redox potentials from high to low were CuHCF, CuHCF@KNiHCF, KNiHCEF,
FeHCF@KNiHCF, and FeHCF (Fig. 4a and Fig. S10). Compared to KNiHCF, after introducing
the high-potential CuHCF core, the thermodynamic driving force of CuHCF@KNiHCF for
oxidation of organic matter could increase from 0.10 V to 0. 35 V. Considering the similar interface
and a higher redox potential from the core-shell design, CuHCF@KNiHCF should result in more
effective oxidation of organic species and faster NH4" recovery from manure wastewater than
KNiHCEF. Pure CuHCF and FeHCF were electrochemically unstable in manure wastewater based

on their CV profiles (Fig. S11a) and galvanostatic charge-discharge (GCD) tests at a 2 C rate (Fig.
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4c). Here, the 1 C rate is 65 mA g based on the theoretical capacity. However, core-shell
CuHCF@KNiHCF and FEHCF@KNiHCF electrodes with KNiHCF shells showed improved
cycling stability (Fig. 4c and Fig. S11b). Specifically, the C’AHCF@KNiHCF electrode exhibited
better capacity retention (44 mAh g! at the 50" cycle, ~90 % over 50 cycles) than the KNiHCF
electrode (37 mAh g! at the 50™ cycle, ~70 % over 50 cycles). We then further optimized the shell
thickness of core-shell CUHCF@KNiHCF by varying the shell reaction time (see Methods and
Table S7) and all core-shell CUHCF@KNiHCF samples exhibited similar particle sizes and
diffraction peaks (Fig. S12). The CuHCF@KNiHCF electrode with a thicker KNiHCF shell
showed better cycling stability but reduced capacity, and the CUHCF@KNiHCF electrode with a
thinner shell was unstable in manure wastewater (Fig. S13). Hence, proper thickness of the

KNiHCF shell is essential to achieve excellent stability and good capacity.

Cation intercalation selectivity of the CUHCF@KNiHCEF electrode was studied in 1 M KCl,
1 M NaCl, and 1 M NH4Cl solutions. The CV profiles showed reversible interaction of NHs", K™,
and Na" at 0.944 V, 0.872 V, and 0.708 V vs. SHE (Fig. 4d and Table S8), respectively, which
were at higher potentials than those of KNiHCF.*¢ Calculated potential differences of cation
intercalation at different molar ratios of NH4"/Na® reveal that NHi" intercalation is
thermodynamically favorable when NH4*/Na* ratio is above 3 x 107 (Fig. 4e and Note S2). The
CuHCF@KNIHCF electrode shows higher potential differences at the actual NH4"/ Na®
concentration ratios in manure wastewater than the KNiHCF electrode (Table S8). These results
suggest that the CuHCF@KNIHCF electrode can selectively recover NHs™ ions and may have
better ion selectivity than the KNiHCF electrode.

Finally, we employed the optimized CuHCF@KNiHCF electrode in the electrochemical
NH4" recovery from manure wastewater, investigated its performance and optimized the operation
conditions. Based on our previous report, the Qnua+/Qrr ratios influenced the average NHa"
removal rate, where Qnn4-+is the minimal charge to recover NH4" in manure wastewater, and Qrr
is the capacity of the redox electrode.’® Two parallel NH4" recovery processes (run 1 and run 2, in
which the same redox-active electrode was evaluated in two batches of manure wastewater) at
Qnn4+/Qrr = 1 showed the NH4" removal of ~77 % and COD removal of ~38 % (Fig. S14a and
S12b). There was nearly no NHs" loss in the NH4" uptake process (Fig. S14c-¢). The Coulombic
efficiency related to COD removal, defined as the ratio of the charges passing through the RR (Crr)
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to the charges needed for COD removal (Ccop), was ~ 30 % (Fig. S14d). The NHs" / Na* (K)
selectivity was 6~7 (1.4~1.6) (Fig. S14f). These results were similar to those achieved in NHs"
uptake using the KNiHCF electrode. To improve NH4" removal in manure wastewater, we used a
CuHCF@KNIiHCF electrode with a higher mass loading and conducted NH4" recovery processes
at Qnua+/Qrr = 0.77. The NH4" removal was ~80 % with a reduced NH4" concentration of ~400
mM in manure wastewater (Fig. 5a). The CE related to COD removal was also ~30 % for each run
(Fig. S15a). COD removal increased to 41 % compared to 38% at Qnusa+/Qrr = 1 (Fig. S15b).
NH4", K*, and Na" ions were balanced without apparent loss during NH4" uptake (Fig. S15¢ and
15d). On average, after just one-cycle recovery, 80 % NH4" ions were recovered (and 20 % NH4"
were left in manure wastewater), much higher than the 68 % NHa" recovery using the KNiHCF

electrode at similar conditions.
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Figure 5. Electrochemical NH4" recovery from manure wastewater using the
CuHCF@KNIHCF electrode. (a) Concentration changes and NH4" removal over the two
recovery runs from manure wastewater. (b) Ion selectivity (NH4"/Na™ and NH4"/K") of NH4"
recovery in manure wastewater (manure) and synthetic wastewater (sww). Synthetic wastewater
is a mixed solution of 0.50 M NH4Cl, 0.183 M KHCOs, and 0.146 M NaHCO:s. (c¢) Nutrient
selectivity in synthetic wastewater and manure wastewater. Nutrient selectivity is defined as the

concentration of NH4" and K* in the recovered solution to the total concentration of released
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cations. (d) NH4" removal rate using CuHCF@KNiHCF and KNiHCF electrodes at different
operation conditions of Qnua+/Qrr ratios. Qnua+ is the minimal charge to recover NH4" in manure
wastewater and Qgr is the capacity of the redox-active electrode. (¢) Comparison of the various
NH4" recovery performance metrics using the CUHCF@KNIHCF electrode with the previously

reported KNiHCEF electrode in a multivariate radar chart.

The ion selectivity of the CuHCF@KNiHCF electrode in manure wastewater was lower
than that in synthetic wastewater (Fig. 5b and Fig. S13f). Especially, the NH4"/Na" selectivity was
7 in manure wastewater and 15 in synthetic wastewater. This reduced ion selectivity in manure
wastewater was in line with the more complex NH4" uptake mechanisms (intercalation plus
absorption) discussed above -- the less selective ion adsorption on the electrode surface would
reduce the overall ion selectivity. The overall nutrient selectivity in manure wastewater (96.1 %)
was slightly lower than the 99.3 % observed in synthetic wastewater (Fig. 5c¢). Here, nutrient
selectivity is defined as the concentration of NH4" and K" in the recovered solution to the total
concentration of released cations. Importantly, the CuHCF@KNiHCF electrode, with an improved
thermodynamic driving force, achieved significantly increased average NHs4" removal rate (~0.9
mmol g h"), twice as much as the that by KNiHCF electrode under the same operation conditions
(Fig. 5d and Table S9). NMR analysis of manure wastewater after 1-cycle recovery using
CuHCF@KNiHCEF also revealed that more metabolites were removed than KNiHCF (Table S10).
The calculated COD removal was also consistent with the measured COD removal (Tables S11
and S12), indicating that CuHCF@KNiHCF could oxidize more organic compounds than
KNiHCF. The CuHCF@KNiHCF, designed based on the elucidated oxidation and NH4" uptake
mechanisms, could deliver improved performance in all five critical metrics for NH4 -selective

redox materials compared to previously reported KNiHCF (Fig. Se).
Conclusion

In summary, we studied the mechanisms for the spontaneous oxidation of organic matter
and NHs" uptake from manure wastewater on redox-active KNiHCF material and further
developed NH4 -selective core-shell PBA electrode material that showed enhanced stability and
NH4" uptake. Pasteurization or freezing treatment of manure wastewater allowed us to confirm
that the direct electron transfer from organic matter to the KNiHCF electrode is the dominant

process and drives the spontaneous NH4" uptake. NMR analysis revealed that many different types

14



of metabolites, including amines, amino acids and more inert carboxylic acids, were removed by
the KNiHCF electrode. Furthermore, we found that the NH4" uptake from manure wastewater
involved both selective NH4" intercalation into the KNiHCF electrode and the cation adsorption
on the electrode surface to maintain the charge balance from absorbed organic anions. This “direct
electron transfer + adsorption” mechanism was confirmed in synthetic wastewater with organic
anions. Guided by the elucidated mechanisms, we further developed NH4 -selective core-shell
electrode material with a stable KNiHCF shell and a high-potential CuHCF core, which can
increase thermodynamic driving force for the oxidation of organic compounds. Such a core-shell
CuHCF@KNIHCF achieved improved stability in manure wastewater and nearly twice the NHs"
removal rate compared to previously reported KNiHCF. These results provide more fundamental
understanding of spontaneous oxidation of organic compounds and selective ion uptake by redox-
active materials and can guide the future design of effective redox materials for resource recovery

and environmental applications.
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