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Electro-responsive functional materials can play a critical role in 
selective metal recovery and recycling due to the need for molecular 
differentiation between transition metals in complex mixtures. Redox-
active metallopolymers are a promising platform for electrochemical 
separations, offering versatile structural tuning and fast electron transfer. 
First, through a judicious selection of polymer structure between a 
main-chain metallopolymer (polyferrocenylsilane) and a pendant-group 
metallopolymer (polyvinylferrocene), charge-transfer interactions and 
binding strength toward competing metal ions are tuned, which as a result, 
dictate selectivity. For example, almost an order of magnitude increase in 
separation factor between chromate and meta-vanadate can be achieved, 
depending on polymer structure. Second, these metallopolymer electrodes 
exhibit potential-dependent selectivity that can even flip ion preference, 
based solely on electrical means—indicating a control parameter that 
is orthogonal to structural modifications. Finally, this work presents a 
framework for evaluating electrochemical separations in multicomponent 
ion mixtures and elucidates the underlying charge-transfer mechanisms 
resulting in molecular selectivity through a combination of spectroscopy 
and electronic structure calculations. The findings demonstrate the 
applicability of redox-metallopolymers in tailored electrochemical 
separations for environmental remediation, value-added metal recovery, 
waste recycling, and even mining processing.
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1. Introduction

Stimuli-responsive polymer materials 
have been used in a diverse range of 
applications, including drug delivery, 
biosensors, microelectromechanical sys-
tems, and functional coatings.[1] Recently, 
electro-responsive metallopolymers have 
shown superior performance in selective 
separation processes, including selective 
capture of heavy metal oxyanions.[2] While 
there is an increased understanding of the 
governing electron transfer, ion transport, 
and solvation processes within redox-poly-
mers,[3] there remains untapped potential 
in leveraging these redox-materials for 
advanced electrochemical separations—
especially in the tailoring of structure 
and electric potential for multicomponent 
metal recovery from complex mixtures.

Separation and recovery of metal ions 
from water is vital toward achieving sus-
tainable metal recovery and cleaning 
up environmental pollution.[4] Capture 
of metals from industrial and mining 
wastewaters is critical not only for envi-
ronmental management, but also for 
recovery and recycling. Industrial and 
mining streams often contain multiple 
valuable metals in multicomponent 

mixtures, in the presence of competing electrolyte, organic 
compounds, and other hazardous materials.[5] Thus, these 
separations are challenging due to their “needle-in-the-hay-
stack” nature, in which target metal ions are present in trace 
amounts within complex matrices.[4a] There has been exten-
sive work on the recovery of specific metal ions using chem-
ical adsorbents.[6] However, conventional adsorption often 
requires additional chemicals to regenerate the adsorbent for 
reuse, thus contributing to waste footprint.[7]

Electroseparations based on redox-active, charge-transfer 
materials have shown significant promise as a platform for 
metal ion removal, with specific chemical tuning of adsorp-
tion sites enabling high ion-capacity and ion-selectivity.[2b,8] 
Electrosorption-based approaches for metal recovery can 
overcome drawbacks of conventional adsorption, as potential-
dependent reversibility can eliminate the use of regeneration 
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chemicals, and improve adsorption kinetics by promoting 
counter-ion migration. However, within electrochemical separa-
tions, there has been limited work investigating competing ion 
selectivity. Furthermore, there is a pressing need for the sys-
tematic design of electro-responsive systems for multicompo-
nent separations, especially between transition metal ions with 
similar size and chemical properties. Thus, within the current 
work, we seek to overcome intrinsic challenges in metal differ-
entiation, by exploring redox-active metallopolymers for multi-
component metal recovery.

We investigate the metal ion selectivity of a pendant-group 
redox-active polymer, polyvinylferrocene (PVF), and a main-
chain polymer, polyferrocenylsilane (PFS), and elucidate the 
effect of the electron-donating silane group on the ferrocene-
binding sites. PVF undergoes a single-electron oxidation, and 
has shown remarkable activity toward transition metal oxy-
anion capture for chromium and arsenic.[2a,9] The ion exchange 
behavior of PVF-films has been extensively studied, including 
understanding of the nature of the counter-ion on ion-transport 
and charge-trapping.[3b,c,10] PVF-based materials have ferrocenyl 
groups on the side-chains, leading to robust single-electron 
redox-active.[11] In contrast, PFS undergoes a two-electron oxi-
dation due to ferrocene–ferrocene (Fc–Fc) interactions between 
adjacent Fc’s in the main-chain, and displays unique semicon-
ducting properties.[12] PFS homopolymers and block copoly-
mers have been used widely for the self-assembly of highly 
structured nanostructures.[13] Despite its interesting properties, 
PFS has not been previously explored for metal ion separations. 
The distinct properties of PVF and PFS can shed mechanistic 
insights into structural and electrochemical factors dictating 
selectivity in electrosorption.

Here, we explore the electrochemical selectivity between 
PVF and PFS for a series of valuable transition metal oxy-
anions, targeting broad applications in resource recovery and 
environmental remediation. The transition metals included 
in this study are arsenic, chromium, selenium, molybdenum, 
rhenium, and vanadium. Arsenic is a toxic metalloid that 
threatens millions of people around the world,[14] used in 
optical materials and semiconductors (e.g., GaAs).[15] Chro-
mium is also toxic[16] and used to make stainless steels. Sele-
nium is an essential micronutrient but toxic when ingested 
in large amounts,[17] and often used in metallurgy, as well as 
pigments.[15] Molybdenum can often be found as a byproduct 
from copper mining, and used in metallurgical applica-
tions.[15] Rhenium can be recovered as a byproduct from 
roasting molybdenum concentrates, and found in alloys 
for crucibles, electrical contacts, among other materials.[15] 
In addition, ReO4

− has been used as an analogue molecule 
for TcO4

−,[18] with Technetium being a radioactive element 
of interest itself. 99mTc is used for medical diagnostic pro-
cedures and produced through radioactive decay of 99Mo.  
Thus, selective capture of TcO4

− is important both to isolate 
TcO4

− from MoO4
2− for radionuclide manufacturing, and to 

treat radioactive Tc waste.[19] Vanadium is both a toxic heavy 
metal,[20] often used in alloying steels,[15] and also a critical ele-
ment used in redox flow batteries.[21] Finally, these metals can 
be commonly found in multicomponent mixtures with inor-
ganic anions, and potentially each other, depending on the 
industrial wastewater or mining source.

Through a combination of spectroscopy, separation tests, 
and electronic structure calculations, our work elucidates the 
structural effect of each distinct metallopolymer structure 
(pendant-group redox-polymer vs main-chain polymer) on 
charge-transfer interactions and demonstrates tunable selec-
tivity for specific transition metal oxyanions. We observe that 
these polymers display selectivity dependency on electric poten-
tial, presenting a novel strategy for selectivity control that is 
orthogonal to the selectivity that arises from polymer structure, 
thus opening new avenues for advanced materials recycling.

2. Results and Discussion

Nanostructured PVF/carbon nanotube (PVF-CNT) and 
PFS (specifically polyferrocenyldimethylsilane)/carbon 
nanotube (PFS-CNT) composite electrodes were prepared 
using a solution coating method,[22] with PFS synthesis 
details given in the  Experimental Section and Supporting 
Information. Unlike PVF, which displays cyclic voltam-
mograms with a single oxidation wave (Figure  1a,c), PFS 
displays cyclic voltammograms with two oxidation waves, 
indicative of a two-step oxidation process due to adjacent  
Fc–Fc interactions in the main-chain (Figure 1b,d, and Figure S3.6,  
Supporting Information). High-resolution scanning electron 
microscopy showed that the PVF-CNT and PFS-CNT thin films 
had uniform and nanoporous features (Figure 1e,f). Energy-dis-
persive X-ray spectroscopy (EDS) confirmed the presence of the 
iron in both metallopolymers-coated electrodes (Figure 1e,f).

The affinity of PFS-CNT to transition metals was first evalu-
ated in electrosorption experiments containing 1 mm of a metal 
oxyanion sodium salt (Na2HAsO4, Na2MoO4, or NaVO3) and 
20 mm sodium perchlorate supporting electrolyte. Under chron-
oamperometric conditions, PFS-CNT showed rapid uptake 
kinetics, reaching equilibrium within 20 min for all oxyanions 
tested (Figure 2b). PFS-CNT achieved uptakes of 65.7 mg g−1 As 
at 1.0 V versus Ag/AgCl, 30.8 mg g−1 V at 0.8 V versus Ag/AgCl, 
and 19.1  mg  g−1 Mo at 0.8  V versus Ag/AgCl, demonstrating 
that PFS-CNT can successfully capture these oxyanions in the 
presence of excess competing perchlorate anions. Even in the 
absence of supporting electrolyte, PVF-CNT and PFS-CNT still 
display comparable kinetics with 1 mm of transition metal oxy-
anion in solution, achieving equilibrium uptake within 20 min 
(Figure S4.9, Supporting Information)—which confirms appli-
cability of these redox-systems even for metal recovery in low-
salinity systems.

Arsenate was taken first as a model oxyanion for elec-
trode performance due to its importance for environmental 
remediation, and prior studies regarding its electrosorption 
performance.[2a,23] At tested potentials between 0 and 1.0  V 
versus Ag/AgCl, PVF-CNT and PFS-CNT displayed similar 
uptake capacities of arsenate, with both PVF-CNT and PFS-CNT 
achieving a maximum capacity of approximately 60 mg g−1 As 
at potentials higher than 0.6 V versus Ag/AgCl (Figure 2c). The 
electrosorption of arsenate was verified with X-ray photoelec-
tron spectroscopy (XPS), showing a clear peak for arsenic on the 
electrode after adsorption which was absent in the spectra for 
the unused electrode (Figure 2e). Fe 2p XPS of PFS-CNT after 
electrosorption agrees that uptake reaches a maximum at 0.6 V 
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Ag/AgCl. The Fe 2p region displays strong spin-orbit splitting 
with Fe 2p binding energies of 707.8 and 720.6 eV for the 2p3/2 
and 2p1/2 transitions, respectively, for unoxidized Fc (referenced 
to C–C C 1s at 284.8 eV).[24] When oxidized to Fc+, these binding 
energies shift upward in binding energy to 711.6 and 725.4 eV 
for the 2p3/2 and 2p1/2 transitions, respectively (Figure 2d), and 
these values are consistent with previously reported Fc+ binding 
energies.[25] At 0.4  V, a significant degree of Fc is still unoxi-
dized, as shown by the peaks at 707.8 and 720.6 eV. At 0.6 V and 
above, the peaks at 707.8 and 720.6 eV disappear with only the 
peaks corresponding to Fc+ (711.6 and 725.4 eV) remaining, sug-
gesting that most of the Fc sites have been oxidized at 0.6  V 
and may explain why raising the potential above 0.6 V did not 
significantly increase the uptake capacity of PFS-CNT. Based on 
XPS survey quantification, arsenate and perchlorate were pre-
sent on the surface in a ratio of 0.81 As:1 Cl (Figure S2.5, Sup-
porting Information). This ratio is much higher than the initial 
ratio of arsenate to perchlorate in solution (1 As:20 Cl) and indi-
cates that PFS, like PVF,[2a] can also selectively target arsenate 
in perchlorate-containing solution.

Upon application of a reducing potential, Fc+ can be reduced 
back to Fc, and the bound anion is expelled. A series of release 
conditions were tested with arsenate from 0.0 to −0.4 V versus 
Ag/AgCl with both PVF-CNT and PFS-CNT (Figure 2f). After 
electrosorption was performed in a solution containing 1  mm 
arsenate and 20  mm perchlorate, a reducing potential was 
applied, and anions were expelled into the same solution that 
was used to test electrosorption. PVF-CNT showed better 
release, regenerating up to 70.5% of the captured arsenic upon 
application of −0.4  V versus Ag/AgCl after 1  h. Maximum 
release of arsenate from PFS-CNT was 47.5% at −0.2 V versus 
Ag/AgCl. The incomplete release of arsenate is likely due to the 

incomplete reduction of PVF-CNT and PFS-CNT (Figure S2.11,  
Supporting Information). In addition, the lesser release of 
arsenate from PFS-CNT than from PVF-CNT appears to be 
due to PFS-CNT having difficulty reducing Fc+ back to Fc. As 
measured via XPS, 2.4% of the Fc+ was reduced at 0.0 V versus  
Ag/AgCl and 2.5% was reduced at −0.4 V in PFS-CNT. In con-
trast, for PVF-CNT, 86% of the Fc+ was reduced at 0.0 V versus 
Ag/AgCl and 84% of the Fc+ was reduced at −0.4 V (Figure S2.11,  
Supporting Information). Shorter cycle times between 0.8  V 
oxidation and −0.4  V reduction seemed to improve the Fc+ 
reduction in PFS-CNT (Figure S2.12, Supporting Information). 
Following a cycle of 0.8  V for 20  min and −0.4  V for 40  min, 
32% of PFS-CNT was in a reduced state. When this cycle was 
shortened to 0.8 V for 1 min and −0.4 V for 2 min, 57% of PFS-
CNT was in a reduced state, as measured by XPS. Recent work 
suggested that reactive oxygen species could potentially oxi-
dize ferrocene-containing systems under continued use,[26] and 
thus could hamper Fc+ reduction. PFS in particular has shown 
a higher sensitivity to secondary reactions when oxidized.[27] 
Thus, we expect that further chemical modifications and 
operation-parameter screening under both aerobic and anaer-
obic conditions are required to provide insights on enhancing 
regeneration in the future.

When electrochemically releasing into a clean solution 
without any electrolyte, PVF-CNT showed comparable release 
behavior, releasing 62.8%, while PFS-CNT was able to release 
96% of the bound arsenic (Figure S4.10, Supporting Informa-
tion). PVF-CNT and PFS-CNT release kinetics were typically 
slower than adsorption kinetics, requiring up to 2  h to fully 
release bound oxyanions depending on the transition metal 
(Figure S4.10, Supporting Information). The slower release 
kinetics relative to adsorption has been observed before using 

Figure 1.  Ferrocene polymer redox and electrode micrographs: a) PVF redox-reaction; b) PFS redox-reaction; c) Cyclic voltammogram of PVF-CNT, 
5 mV s−1 scan rate in 100 mm NaClO4, purged with N2; d) Cyclic voltammogram of PFS-CNT, 5 mV s−1 scan rate in 100 mm NaClO4, purged with N2. 
e) High-resolution SEM and EDS mapping of PVF-CNT electrodes. f) High-resolution SEM and EDS mapping of PFS-CNT electrodes.
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in situ TEM studies with PVF-films on gold for chromate 
adsorption.[2a] While adsorption can be fast due to enhanced 
electrostatics between oxyanions and the ferrocenium cation 
moiety, oxyanion release from a reduced redox-polymer is 
mostly entropic and thus much slower.

2.1. Structure-Dependent Selectivity

The selectivity of PVF-CNT and PFS-CNT was screened for 
the six heavy metal anions (HAsO4

2−, CrO4
2−, SeO4

2−, MoO4
2−, 

VO3
−, and ReO4

−) in binary competitive adsorption tests. PVF-
CNT or PFS-CNT was immersed in a solution containing 1 mm 
of two oxyanion sodium salts (2 mm total, e.g., 1 mm Na2MoO4 
and 1 mm Na2CrO4), and electrosorption was induced at various 

potentials. Selectivity was measured using a separation factor, 
defined between two species (A and B) to be:

/

/
A,B

A,ads B,ads

A,sol B,sol

NN NN

NN NN
α = 	 (1)

where the NA,ads is the molar quantity of A adsorbed onto the 
electrode, NB,ads is the molar quantity of B adsorbed onto the 
electrode, NA,sol is the molar quantity of A remaining in solution, 
and NB,sol is the molar quantity of B remaining in solution. 
Separation factors greater than 1 indicate higher selectivity for A 
as compared to B, while separation factors less than 1 indicate 
higher selectivity for B as compared to A.

Figure  3a,b shows binary ion-selectivity heat maps for the 
separation factors obtained using PVF-CNT and PFS-CNT at 

Figure 2.  PFS-CNT and PVF-CNT electrosorption with supporting electrolyte. a) Schematic of ferrocene polymer electrosorption and release. Oxida-
tion of ferrocene units to ferrocenium induces selective electrosorption of anions. Reduction of ferrocenium to ferrocene releases the bound anions. 
b) Adsorption kinetics for various anions using PFS-CNT. Adsorption was carried out at 1.0 V versus Ag/AgCl for HAsO4

2− and 0.8 V versus Ag/AgCl 
for VO3

− and MoO4
2− using 1 mm of the oxyanion sodium salt and 20 mm sodium perchlorate supporting electrolyte. c) Equilibrium uptake of As 

using 1 mm Na2HAsO4 and 20 mm sodium perchlorate supporting electrolyte for PVF-CNT and PFS-CNT at various potentials. Data expressed as 
mean ± standard error of eight ICP-OES measurements. Data for PFS at 0.4, 0.6, and 0.8 V are expressed as mean ± standard deviation of n = 2, 4, and 
6 replicates, respectively. d) High-resolution Fe 2p XPS OF PFS-CNT after HAsO4

2− electrosorption at various potentials. e) High-resolution As 3d XPS 
of PFS-CNT before use (as prepared) and after electrosorption of HAsO4

2− at 0.6 V versus Ag/AgCl. f) Fraction of HAsO4
2− released at various applied 

potentials after 1 h. Data expressed as mean ± standard error of eight ICP-OES measurements.
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0.8  V versus Ag/AgCl with the anion labeled for each row as 
species A and the anion labeled for each column as species B in 
αA,B. The goal was to construct a comparative performance map, 
which can guide polymer selection in multicomponent separa-
tions when multiple metals are present within the same mix-
ture. Figure  3c shows the separation factor ratios obtained for 
PFS-CNT compared to those obtained for PVF-CNT. Boxes high-
lighted with a green square mark separations where PFS-CNT 
would yield higher selectivity than PVF-CNT for the specific 
recovery of the row anion over the column anion. The criteria 
for higher selectivity is that the separation factor of PFS-CNT 
for the particular ion combination is higher than that of PVF-
CNT, and at the same time, the PFS-CNT separation factor is 

greater than 1 for that particular binary separation. Boxes high-
lighted with a yellow square mark separations where PVF-CNT 
would yield higher selectivity for recovery of the row anion. Due 
to these differences in selectivity performance, we envision the 
ability to tailor polymer structures for targeted metal recovery 
processes, depending on the stream compositions (Figure 3d,e).

In 8 of the 10 binary adsorption tests at 0.8  V versus Ag/
AgCl, PVF and PFS favored the same anion. For example, 
αVO3−,CrO42− was 5.2 for PVF-CNT and 39 for PFS-CNT, indi-
cating VO3

− had a greater affinity toward PVF-CNT and PFS-
CNT than CrO4

2−, but PFS was almost an order of magnitude 
more selective. In the remaining two binary adsorption tests 
(MoO4

2− + CrO4
2−, HAsO4

2− + ReO4
−), PVF-CNT and PFS-CNT 

Figure 3.  Two component separation factors for PVF-CNT and PFS-CNT—Structural control of selectivity. a) Heat map of separation factors obtained 
using PFS-CNT for every pair of oxyanions (1 mm each) at 0.8 V Ag/AgCl. b) Heat map of separation factors obtained using PVF-CNT for every pair of 
oxyanions (1 mm each) at 0.8 V versus Ag/AgCl. c) Heat map of PFS-CNT separation factors divided by PVF-CNT separation factors. PFS had a higher 
separation factor than PVF in tiles colored red. Green boxes correspond to PFS having a separation factor greater than 1, and PFS had a higher separa-
tion factor than PVF (PFS more advantageous than PVF). Tiles highlighted with a yellow box correspond to separations where PVF had a separation 
factor greater than 1 and PVF had a higher separation factor than PFS. d) Schematic of PFS and PVF being implemented in a metal recovery process. 
e) Due to differences in selectivity, PFS and PVF can be used to target different ions.
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favored different ions (αMoO42-,CrO42- = 0.60 and αHAsO42-,ReO4- = 
0.91 for PVF-CNT,  αMoO42-,CrO42- = 2.4 and αHAsO42-,ReO4- = 5.2 
for PFS-CNT), demonstrating that a change in structure from a 
pendant ferrocene polymer to a main-chain ferrocene polymer 
can alter the ion-selectivity trend and furthermore, demon-
strating that redox-active polymers can be structurally tuned for 
targeted ion selectivity. SeO4

2− was omitted from the heat maps 
because SeO4

2− removal was not significant and resulted in sep-
aration factors toward infinity and its inclusion would suppress 
the colors of other heat map elements (Figure S4.8, Supporting 
Information). SeO4

2− adsorption and removal has been noted to 
be especially difficult due to its lack of affinity to conventional 
adsorbents.[28] Even adsorbents that strongly adsorb selenite 
ions (SeO3

2−) often cannot effectively adsorb SeO4
2−.[29] It has 

been noted that selenite ions adsorb strongly by forming inner-
sphere complexes while the SeO4

2− anions adsorb by forming 
outer-sphere complexes.[30] The lack of affinity of the metal-
lopolymers to capture SeO4

2− may suggest that ferrocene is 
unlikely to directly ligate or form outer-sphere complexes with 
SeO4

2−. Further chemical design may be needed to create effi-
cient SeO4

2−-specific electrosorbents.
So far, PVF-CNT and PFS-CNT selectivity has only been 

tested under idealized conditions, where the transition metals 
are the only oxyanions present and at relatively high concen-
trations. However, as previously mentioned, real metal ion 
recovery processes often require targeted ion recovery amidst an 
abundance of competing ions. To test their practical applicability 
in a realistic matrix, PVF-CNT and PFS-CNT were tested in real 
secondary effluent wastewater collected from Urbana-Cham-
paign Sanity District spiked with 1 mg L−1 Mo (as Na2MoO4) and 
1  mg  L−1  Cr (as Na2CrO4); concentrations which are typical of 
Mo and Cr rich mining streams.[31] At 0.8 V in the spiked waste-
water, PFS-CNT and PVF-CNT demonstrate the same ion pref-
erence as in the idealized separation factor experiments, with 
αMoO42−,CrO42− =  1.06 for PFS-CNT and αMoO42−,CrO42− = 0.59 for 
PVF-CNT (vs 2.4 and 0.60, respectively, in idealized separation 
factor experiments) demonstrating that the previously observed 
differential selectivity was preserved in a real, complex matrix 
(Figure S4.11, Supporting Information). From 1  mL of spiked 
wastewater, PVF-CNT removed 57% of the Mo and 69% of the 
Cr, and PFS-CNT removed 29% of the Mo and 27% of the Cr.

Quantum mechanical calculations were performed to eluci-
date the mechanism of binding. Fc+ and FcSi(CH3)3

+ were used 
to study the effect of an electron donating trimethyl–silane sub-
stituent on anion-binding behavior (Figure 4a,b, and Figure S6.1,  
Supporting Information). Calculated binding energies (ΔG) to 
Fc+ and FcSiCH3)3

+ for all six anions are shown in Figure 4c,d. 
The binding energy to FcSi(CH3)3

+ was lower than to Fc+ for all 
six anions (e.g., 9.87 kcal mol−1 for [Fc–MoO4]−, 7.96 kcal mol−1 
for [FcSi(CH3)3–MoO4]−) (Figure 4c,d). The lower binding ener-
gies to FcSi(CH3)3

+ are likely due to the electron donating prop-
erties of the silane group, which pushes electron density onto 
the ferrocene and delocalizes its positive charge. Within equiva-
lent structures of [Fc–Anion] and [FcSi(CH3)3–Anion], the iron 
has a much greater positive charge in the former structure 
(e.g., 0.184 e in [Fc–MoO4]− and 0.118 e in [FcSi(CH3)3–MoO4]−)  
(Table S6.1, Supporting Information). In the [FcSi(CH3)3–Anion] 
structures, much of the positive charge was predicted to be 
located on the silicon atom (0.406 e in [FcSi(CH3)3–MoO4]−) and 

as a result, the methyl groups on the silane participated in the 
binding to anions (Figure  4b). While all tested anion binding 
energies to FcSi(CH3)3

+ were lower than to Fc+, the binding 
energies shifted by different amounts, which would result in 
differing anion selectivities between FcSi(CH3)3

+ and Fc+.
There appeared to be a negative correlation between the ioni-

zation energy of the anion (the energy required to remove an 
electron from the anion) and the difference in binding energy 
between that anion and Fc+ and FcSi(CH3)3

+ (Figure  4e). We 
hypothesize that a charge-transfer binding mechanism may 
be dictating this correlation.[2a] Anions with a low ionization 
energy may be more willing to give up electron density to the 
cationic binding site, and as such, the electronegativity of the 
binding site strongly affects the binding energy and subsequent 
selectivity. In contrast, anions with a high ionization energy 
may be unwilling to give up electron density and, therefore, 
would be agnostic to the identity of the binding site. Instead, 
the binding energy of anions with high ionization energies may 
be primarily the electrostatic reward of bringing two oppositely 
charged ions together. The charge-transfer modulation shown 
by the addition of the silane substituent demonstrates the 
opportunity for tunable ferrocene polymers with specific sub-
stituents for highly targeted ion capture.

It must be noted that while quantum mechanical calculations 
are powerful to elucidate atomistic binding and charge-transfer 
mechanisms, they do not account for more macroscopic pheno
menon that may affect the ability of the electrodes to capture 
ions. For example, previous electrosorption work has shown 
that variables such as pore size, ion size, and hydrated ion 
size play a role in how ions can adsorb to porous charged elec-
trodes.[32] VO3

−, despite having relatively low calculated binding 
energies (5.44 kcal mol−1 with FcSi(CH3)3

+ and 8.11 kcal mol−1 
with Fc+), showed the greatest overall affinity for both PVF-
CNT and PFS-CNT as αVO3−,B > 1 for all anions B and all poten-
tials except αVO3−,ReO4− at 0.6  V versus Ag/AgCl. This may be 
because VO3

− forms polyanion chains of [VO3]nn− (n  >  1).[33] 
Attachment of one VO3

− to the electrode could include addi-
tional VO3

− units in a chain, and allow even over-stoichiometric 
VO3

− adsorption relative to Fc sites.

2.2. Potential-Dependent Selectivity

The selectivity of PFS-CNT and PVF-CNT changes depending 
on the applied potential (Figure  5, and Figure S4.3–5, Sup-
porting Information). Figure  5a,b highlights two special cases 
where ion preference switched for the ferrocene polymers 
at different potentials. αMoO42−,CrO42− at an applied poten-
tial of 0.5  V versus Ag/AgCl was 0.28 and 0.43 for PVF-CNT 
and PFS-CNT, respectively, with more CrO4

2− adsorbed than 
MoO4

2−. At 1.0 V versus Ag/AgCl, more MoO4
2− was adsorbed 

and αMoO42−,CrO42−was 1.5 and 4.6 for PVF-CNT and PFS-CNT, 
respectively. A similar swap occurred between ReO4

− and 
MoO4

2−, with αMoO42−,ReO4− changing from 0.17 for PVF-CNT 
and 0.48 for PFS-CNT at 0.5  V Ag/AgCl to 1.8 for PVF and 
35 for PFS at 1.0  V versus Ag/AgCl. Tracking the anion spe-
ciation as a function of pH and applied potential on Pourbaix 
diagrams, it seems unlikely that the potential-dependent selec-
tivity is a result of changing anion speciation (Figure S5.4,5, 
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Supporting Information). To support this, there is an absence of 
anion redox activity on the electrode between different applied 
potentials, as detected by XPS (Figure 5c–f, and Figure S2.6–9, 
Supporting Information). The Mo 3d5/2 peak at 232.9  eV con-
firms the oxidation state of MoO4

2− at all tested potentials while 
the Cr 2p3/2 peak at 577.2 eV suggests CrO4

2− has reduced to a 
Cr(III) species (likely between the experiment and characteriza-
tion since CrO4

2− is a strong oxidizing agent) (Figure 5c–f).[34]

A combination of electrostatics and charge-transfer may con-
tribute to the potential-dependent selectivity, in addition to other 
microscopic pore/solvation effects. We observed that when com-
paring the separation factors at 0.6 and 1.0 V versus Ag/AgCl, the 
separation factor shifts in favor of the anion that transfers more 
charge, an effect seen in 16 out of the 20 anion pair tests at 1.0 V 
versus Ag/AgCl. That is, αA,B, with anion A transferring more 
charge than anion B, increased when increasing potential from 
0.6 to 1.0 V for 16 out of the 20 anion pair tests (10 anion pairs, 

PVF-CNT and PFS-CNT) (Figures S4.3–5 and S6.2,3, Supporting 
Information). We hypothesize that this may be the result of a 
driving force toward satisfying charge neutrality at a microscopic 
level. As the potential of the electrode increases, the charge den-
sity on the surface of the electrode also increases and ions that 
transfer more charge to the electrode surface may begin to out-
compete ions that transfer less charge by better satisfying micro-
scopic charge neutrality. A swapping of ion preference (αA,B 
crossing 1) was not observed for all anion pairs, however, these 
results correlate with prior observations that electrode charge 
density can impact ion-preference at different potentials.[32a,35]

However, other mechanisms for potential-dependent selec-
tivity possibly play a role, due to the complex nature of the 
electrode–solution interface, so further studies into this corre-
lation are warranted. Previous electrosorption work has shown 
that the effect of surface change density on the preference of 
ions adsorbed to that surface is dependent on several factors 

Figure 4.  Quantum mechanical calculations. a) Optimized structure of [Fc–MoO4]−. Labeled distances in units of Å. b) Optimized structure of 
[FcSi(CH3)3–MoO4]−. Labeled distances in units of Å. c) Binding energetic reward (ΔG) to Fc+ for the six anions tested, corrected for solvation (implicit) 
and non-zero temperature. d) Binding energetic reward (ΔG) to FcSi(CH3)3

+ for the six anions tested, corrected for solvation (implicit) and non-zero 
temperature. e) Ionization energy versus the difference in binding energy to Fc+ and FcSi(CH3)3

+ for the six anions tested. Linear least-squares regres-
sion shown by dotted line.
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including ion size, hydrated ion size, and pore size.[32,35] Near-
neighbor effects, solvation, and ion-crowding within pores may 
play a key role in dictating selectivity. Future work using in situ 
characterization methods will aid in the elucidation of more 
complex mechanisms for ion selectivity, and shed light into the 
interplay between structural and potential-dependent selectivity. 
We believe that potential-dependent selectivity of these polymer 
electrosorbents introduces a unique approach for controlling 
ion selectivity, orthogonal from the selectivity that arises from 
polymer structure—thus allowing for smart, field-controlled 
strategies for multicomponent ion recovery.

3. Conclusion

Our study has shown that ferrocene-based metallopolymers 
can selectively capture heavy metal oxyanions, with molecular 

selectivity modulated by polymer structure and potential. Dif-
ferential ion selectivity was achieved between PVF, a pendant 
ferrocene polymer, and PFS, a main-chain ferrocene polymer. 
Remarkably, PFS was able to deviate from the ion selectivity 
trend shown by PVF, with PVF-CNT showing selectivity for 
CrO4

2− over MoO4
2− and ReO4

− over HAsO4
2− while PFS-

CNT showed selectivity for MoO4
2− over CrO4

2− and HAsO4
2− 

over ReO4
− in the binary competitive adsorption tests at 

0.8  V versus Ag/AgCl. Quantum mechanical calculations 
showed that the addition of an electron donating trimethyl–
silane group on ferrocene binding sites shifted the binding 
energy of anions by delocalizing the positive charge away 
from ferrocene and creating a binding site that included the 
silane methyl groups. Furthermore, the two ferrocene poly-
mers display potential-dependent selectivity, which creates 
an additional control parameter for selectivity, distinct from 
structure selection. Thus, by leveraging both effects derived 

Figure 5.  Potential-dependent selectivity. a) Separation factors (αMoO42−,CrO42−) measured from electrosorption in 1 mm MoO4
2− and 1 mm CrO4

2− at 
various potentials. At low potentials, αMoO42−,CrO42− < 1, more CrO4

2− is removed than MoO4
2−. At high potentials, αMoO42−,CrO42− > 1, more MoO4

2− is 
removed than CrO4

2−. b) Separation factors (αMoO42−,ReO4−) measured from electrosorption in 1 mm MoO4
2− and 1 mm ReO4

− at various poten-
tials. High-resolution c) Mo 3d and d) Cr 2p XPS of PFS-CNT electrodes after electrosorption from 1 mm Na2MoO4 and 1 mm Na2CrO4 at various 
potentials. High-resolution e) Mo 3d and f ) Cr 2p XPS of PVF-CNT electrodes after electrosorption from 1 mm Na2MoO4 and 1 mm Na2CrO4 at 
various potentials.
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from electric potential and chemical structure, we achieve 
unusual separation factors beyond expected ion-selectivity 
trends, thus opening new pathways for tailoring interfacial 
selectivity for advanced energy and environmental applica-
tions. In sum, our work presents a promising electrochem-
ically-modulated platform that could significantly advance 
precision separations, including value-added metal recycling 
from complex industrial effluents, recovery of critical ele-
ments from electronic waste, and even facilitate secondary 
recovery from mining.

4. Experimental Section
Polyvinylferrocene/Carbon Nanotube and Polyferrocenylsilane/

Carbon Nanotube Fabrication: PFS was synthesized via ring opening 
polymerization of 1,1′-dimethylsilaferrocenophane (full synthesis 
details in Section S1, Supporting Information). PVF-CNT electrodes 
were prepared using a dip-coating method.[22] A stock solution “A” 
containing 80 mg PVF (Polysciences Inc.) and 40 mg multiwalled CNT 
(Sigma-Aldrich) in 10 mL chloroform and a stock solution “B” of 40 mg 
multiwalled CNT in 10 mL chloroform were prepared and sonicated for 
1 h in icy water. The two stock solutions were mixed in a 1:1 ratio and 
sonicated again for 1 h in icy water to make solution “A + B”. Ti mesh 
(Fuel Cell Store) was cut into 1.3 cm wide strips and dipped 1 cm deep 
into “A + B” until the mass of the coating was between 0.65 and 0.9 mg. 
PFS-CNT electrodes were prepared in a similar way but the PFS “A + B” 
solution was diluted as 1 part “A + B” with 2 parts chloroform prior to 
dip coating due to PFS-CNT forming a less stable suspension compared 
to that of PVF-CNT.

Electrochemical Adsorption and Separation Factor Experiments: 
Electrochemical techniques were performed using a VersaSTAT 3 
potentiostat (Princeton Applied Research). Electrochemical adsorption 
and separation factor experiments were carried out in a three-electrode 
cell (BASi) with an Ag/AgCl 3 m NaCl reference (BASi) and a Pt counter 
using chronoamperometry. All experiments were performed under 
ambient conditions unless otherwise noted. For adsorption tests, 5 mL 
of 1  mm sodium oxyanion (Na2CrO4, Na2MoO4, Na2HAsO4, Na2SeO4, 
NaVO3, or NaReO4) with 20  mm NaClO4 was used and the solution 
was bubbled with N2 for 1  min prior to submerging the electrode. For 
kinetic tests, 5 or 6 mL (depending on the test) initial volume was used 
and 0.1  mL aliquots were taken at different times for ICP assay. An 
Agilent 5110 ICP-OES instrument was used to quantify concentrations 
of chromium, molybdenum, arsenic, selenium, vanadium, and rhenium. 
Aliquots taken from adsorption experiments were diluted in 2% w/w 
HNO3 (Fisher Chemical) and assayed against standards made with 
Cr, Mo, As, Se, V, and Re ICP standards (Sigma-Aldrich). Uptake was 
calculated using the following equation:

Uptake 0

polymer

C C
m

V= − � (2)

where C0 was the initial mass basis concentration of the analyte (Cr, 
Mo, As, Se, V, or Re), C was the mass basis concentration of the analyte 
during or after adsorption, V was the volume of solution in the cell, and 
mpolymer was the mass of PVF or PFS on the working electrode.

For separation factor tests, 5 mL of solution was used. The solutions 
contained 1 mm of two sodium oxyanion salts (e.g. 1 mm Na2CrO4 and 
Na2MoO4) and were bubbled with N2 for 1  min. Electrosorption was 
induced using chronoamperometry. The solution was sampled after 1 h 
to ensure that equilibrium adsorption had been reached. Samples were 
assayed the same way as with the previous adsorption tests. Separation 
factors were calculated using the following equation:

/
/A,B

A,ads B,ads

A,sol B,sol

N N
N N

α = � (3)

where NA,ads and NB,ads were the molar quantities of oxyanions A and  
B adsorbed and NA,sol and NB,sol were the molar quantities of oxyanions 
in solution at equilibrium adsorption.

Experiments in the spiked wastewater from Urbana-Champaign 
Sanity District were performed in a 3D printed 1 mL volume cell without 
N2 bubbling.

Materials Characterization: SEM and XPS were carried out in the 
Frederick Seitz Materials Research Laboratory Central Research Facilities, 
University of Illinois. SEM was carried out using a Hitachi S-4700 and 
EDS was carried out with an attached iXRF EDS Elemental Analysis 
System with Oxford Instruments (Si(Li) detector). XPS was performed 
using a Kratos Axis ULTRA with a monochromatic Al Ka X-ray source 
(210 W).

Density-Functional Theory calculations: ORCA 4.0.1.2 was used to 
perform all density-functional theory (DFT) calculations.[36] The valence 
triple-zeta quality def2-TZVP basis set[37] and the B3LYP functional[38] 
were employed at all atoms for both geometry optimization and 
frequency analysis. All calculations were sped up through the RIJCOSX 
approximation[39] and were carried out in water solution environment 
to mimic the physically relevant conditions. The solvation effects were 
computed by the conductor-like polarizable continuum model using 
a static dielectric constant of water ε  =  80.4 and the refractive index 
n = 1.33. The dispersion effects were included by the DFT-D3 approach 
with Becke–Johnson damping.[40] The convergence criteria for the 
maximum norm of the geometry gradient and electronic energy was 10−4 
hartree/bohr and 10−8 hartree (ORCA keywords: TightOpt and TightSCF). 
To obtain the optimal anion-monomer binding positions, the authors 
explored different initial coordinates, and then optimized them without 
any symmetry restrictions. The absence of imaginary frequency verified 
that final structures were true minima at the current level of theory.

After the geometry optimization, thermal corrections to the Gibbs 
free energy were estimated at 298.15 K and 1 atm with solvent effect. The 
thermal corrections include zero-point vibrational energy (ZPE), entropy, 
and enthalpy contributions. The final Gibbs free energy was calculated 
from the numerical frequency analysis implemented in ORCA. The 
binding energy was the difference in the Gibbs free energy between the 
anion, monomer, and anion-monomer complex:

monomer anion complexG G G G( ) ( ) ( )∆ = + − � (4)

where ΔG represented the binding energy and G corresponded to the 
total Gibbs free energy. The authors optimized the structures for all three 
species and then calculated the binding free energy. Charge transferred 
(QTransfer) from the anion was calculated by taking the difference between 
the sum of charges on the anion in the optimized anion-monomer 
complex and the initial charge of the anion:

Transfer anion in complex anionQ Q Q= − � (5)
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