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SI Materials and methods.

Pair distribution function analysis of high-energy X-ray scattering. Pair
distribution function (PDF) analysis was used to determine whether any changes in
mineral structure were caused by the adsorption of Co”" and incorporation of Co®" into
the Mn"_8-MnO structure. Samples analyzed by PDF analysis were equilibrated for 48
hours and thus reflect structural changes incurred over longer reaction times than those
investigated by QXAS (t < 12 h). The PDFs were extracted from high-energy X-ray
scattering data collected using X-rays of 58.65 keV (AL = 0.2114 A) on beam line 11-ID-B
at the Advanced Photon Source, Argonne National Laboratory. Data were collected to Q
values of 29 A at room temperature. The solids from 20 mL of a Mn™ §-MnO,
suspension equilibrated with Co to achieve maximum surface loadings of 0, 0.05, or 0.20
mol Co mol” Mn (Table S1) were obtained by filtration, air-dried overnight and packed
into Kapton capillaries (inner diameter of 1 mm, Cole-Parmer); the capillaries were
sealed on both ends using epoxy.

In the program Fit2D,' the 2D scattering patterns were first corrected for sample-to-
detector distance and tilt angle of the detector relative to the beam path, then integrated
and converted to 1D plots of the scattering intensity versus scattering angle, Q. In the
program PDFgetX2,? the 1D plots were converted to the total structure function, S(Q),
and the PDF, G(R), using standard correction and normalization procedures.” The
chemical formulas used for data reduction were  Nago;MnO,xH,0,
Co0.04Nag 03MnO,-xH,0, Cop21Nago:sMnO,-xH,O for Co 0.00, Co 0.05 and Co 0.20,
respectively, where Na:Mn and Co:Mn molar ratios were obtained from chemical

analysis of the solid by ICP-OES and the number of water molecules (x) was varied
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between 2 and 3 to minimize variations in the background signal between 0 — 1.5 A™.
Differential PDFs (d-PDFs) were obtained by subtracting the PDF of Co 0.00 from
Co_0.05 and Co_0.20 samples to identify changes in mineral structure induced by Co

.46
sorption.

Effect of HEPES on Co uptake and Mn(II) release in Co-Mn'"" §-MnO,

Due to the presence of a reducing piperazine-ring group, HEPES may interfere
with Co-Mn redox processes by 1) generating additional Mn(III) by reducing Mn(IV), 2)
generating Mn(II) by reducing Mn(III) or 3) sorbing and thus blocking reactive surface
sites. To test the effect of the HEPES buffer on Co uptake and Mn release to solution, we
performed complementary experiments where, prior to Co addition, the Mn™ §-MnO,
particles were filtered to remove all HEPES, rinsed with 10 mM NacCl and resuspended in
10 mM NaCl. In these experiments, a pH STAT (Metrohm) was used for pH-control.
After 1-hour equilibration at pH 6.5, an aliquot of CoCl, solution was added to achieve a
total Co concentration of 0.20 mol Co mol” Mn. Samples were withdrawn as a function
of time to analyze for the total and aqueous concentrations of Co and Mn. In addition, we
measured AMON values (potentiometric titrations) and Mn(III) content (pyrophosphate
extractions) in the HEPES-reacted 6-MnQO; as a function of time in the absence of Co.

In the absence of Co, we found that the Mn(III) content of the Mn oxide reached
31 % within 1 h of the reaction of -MnO, with HEPES and increased only slightly (to 35
%) from 1 h to 48 h. By 48 h of the reaction, around 1 % of the Mn initially in the solid
was accumulated in solution as Mn(II). Our previous study showed that equilibration of

0-MnO; with HEPES under these experimental conditions does not trigger any phase
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transformation.” These observations suggest that HEPES has a diminished effect on
Mn(III) generation as the mineral approaches the maximum amount of Mn(IIl) it can
accommodate.®

Our experiments in the presence of Co showed no difference in Co uptake and Mn
release kinetics at t < 100 min in the presence and absence of HEPES (Figure S3), but

slightly greater Mn release in the presence of HEPES at t > 100 min (8 % vs. 5 %). Since

I

the extent of Co sorption by Mn~ 6-MnO; is the same in the presence and absence of
HEPES, we do not expect significant amounts of HEPES to accumulate at the surface and
compete with Co for the same surface sites. Unmodified kinetics and extent of Co uptake
even with an initial 10-fold excess of HEPES also indicates that cobalt must have a
significantly greater affinity/reactivity towards the mineral. In addition, the similarity in
the kinetics and extent of Mn(Il) accumulation in solution with and without HEPES
during first 100 min corroborates that aqueous Mn(Il) originates from sorption/redox
reactions between Co and the mineral. This conclusion is also consistent with the fact that
the addition of Co triggers 5-8 % of the total Mn initially in the solid phase accumulated
in solution as Mn(II), compared to about 1 % Mn released in the absence of Co after 48 h
of reaction with HEPES.” However, from 100 min to 48 h, slightly more Mn(Il) was
released in Co-Mn" 8-MnO, experiments the presence of HEPES (8 % at 48 h) than in
its absence (5% at 48 h).

Assuming that significant changes in the mechanism of Co sorption and oxidation
by Mn(III) 8-MnO, would lead to different reaction kinetics, we conclude that HEPES

does not influence the Co uptake mechanism at t < 100 min, but may have a small

influence at t > 100 min. Slightly higher Mn release at t > 100 min may be consistent
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with 1) HEPES consumption of Mn(Ill); ii) disproportionation of Mn(IIl) atoms, where
Mn(IIl) could originate from Co or HEPES oxidation coupled to Mn(IV) reduction; 3)
slow desorption of adsorbed Mn(II), where Mn(II) could originate from Co or HEPES
oxidation coupled to Mn(IIl) reduction. Due to the plethora of processes, we cannot
ascertain whether the slight increase in Mn release at reaction times greater than 100 min

is due to redox processes involving Co, HEPES or both Co and HEPES.
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127  SI Figures
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130  Figure S1. Schematic representations of Co-MnQO,; surface complexes (left - side view,
131 right — top view): Co”" = light blue, Co®" = dark blue, Mn octahedra = hatched, O = grey.
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137  Figure S2. Sorption isotherm of Co on Mn"™ §-MnO, measured at pH 6.5 after 48 h of
138  equilibration following the experimental procedure described in the main manuscript text.
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Figure S3. Batch kinetic data obtained for Co sorption and Mn release in Mn" 8-MnO,
suspension at total Co concentration of 0.20 mol Co mol™ Mn at pH 6.5 in the presence
and absence of 10 mM HEPES (pH maintained with STAT) during first 100 min (A) and

during 3000 min (B).
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Figure S4. (A) Plot of Mn released against Co surface excess (¢) measured in batch
kinetic (filled symbols) and QXAS (empty symbols) experiments in Co_0.05 (squares)
and Co_0.20 (circles) experiments at t < 30 min. (B) Plot of Mn released against Co®"
surface excess in Co_0.05 and Co_0.20 experiments at t < 30 min.
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Table S1. Description of samples obtained from batch kinetic, QXAS and PDF

measurements.
time pH CI\/:K/([) T CCS\ZT’ fll\l\d/lllé (:5\(;[’ G’ releNg; o
Batch kinetic
Co 0.00 10 min  6.68 4474.97 - 1.2 - - - 0.000
48 h 58.67 0.013
Co 0.05 10 min  6.69 4578.46 2354 37.8 26.06 0.05 0.05 0.008
48 h 121.84 1.35 0.05 0.05 0.027
Co 0.20 10 min  6.35 5121.48 1008.53  228.01 473.02 0.20 0.11 0.045
48 h 471.18 23591 0.20 0.17 0.092
QXAS samples
Co 0.05 12h 6.74 8501.80 365.27 127.36 13.70 0.04 0.04 0.02
Co _0.20 12h 6.67 6914.93 1257.93  402.74 260.17 0.18  0.15 0.06
PDF samples
Co 0.00 48 h 6.81 7495.03 - 64.92 - - - 0.01
Co_0.05 48 h 6.34 6601.47 268.13 131.20 1.38 0.04 0.04 0.02
Co 0.20 48 h 6.30 6602.00 1519.13  505.43 224.35 0.23  0.21 0.08

? the concentrations of aqueous Mn in Co 0.05 and Co 0.20 are not corrected to the concentrations of aqueous Mn in

the blank experiment (Co 0.00)

b G max 18 the theoretical maximum surface loading of Co that was calculated as ccoror/CyntoT
¢ g is the amount of Co sorbed per mol Mn and was calculated as (¢cotoT - Cco)/(CMnTOT — CMn)

4 Mn release was calculated as CMnag/Cmntot ad has units of mol Mn,q mol! Mn. Note that values for the Mn release in
Co 0.05 and Co 0.20 are not corrected to the values of the Mn release in the blank experiment (Co 0.00)
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207  Table S2. LCF results, where fis the fraction of Co®” and (1-f) is the fraction of Co™".

b g s O o) g
2 0.035 0.53° 0.45° 0.98 0.019 0.016
7 0.039 0.47 0.51 0.98 0.018 0.020
15 0.043 0.46 0.52 0.98 0.020 0.022
21 0.041 0.44 0.54 0.98 0.018 0.022
Co 0050 28 0.041 0.42 0.56 0.98 0.017 0.023
- 36 0.042 0.41 0.57 0.98 0.017 0.024
49 0.042 0.40 0.58 0.98 0.017 0.024
66 0.042 0.40 0.58 0.98 0.017 0.024
720 0.043 0.21 0.80 1.01 0.009 0.034
2 0.099 0.53 0.46 0.99 0.052 0.046
8 0.121 0.54 0.45 0.99 0.065 0.054
16 0.126 0.52 0.46 0.98 0.066 0.058
Co 0.20° 25 0.133 0.47 0.52 0.99 0.063 0.069
35 0.136 0.39 0.60 0.99 0.053 0.082
62 0.142 0.37 0.58 0.95 0.053 0.082
720 0.153 0.31 0.69 1.00 0.047 0.106

208 * For all samples the reduced chi” values ranged 0.0003 — 0.0024
209 ® Uncertainties for f for all samples were in a range 0.002 — 0.005
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Table S3. Structural parameters for Co_0.05 on Mn"" §-MnO,.

Sample Shell ID A? R A &, A? AE, eV Red y* R-factor CN(Co**-Mn®%)  CN(Co*-Mn®®)
Co_0.05 Co*"-0 6-(1-f) 1.910.01 0.0050£0.0010  -9.7£1.1 0.00 0.0157
7 min Co**-0 6f 2.08+0.01 0.0052:0.0014
Co**-Mn"S CN(Co**-M™)-(1-f) 2.84+0.01 0.0025+0.0010 3.12+0.49
Co®*-Mn®® CN(Co*-Mn®%)-f 3.48+0.01 0.004° 2.71£0.43
Co_0.05 Co*"-0 6-(1-f) 1.92+0.01 0.0049+0.0009  -8.7+1.0  0.02 0.0132
66 min Co**-0 6f 2.10£0.02 0.0081:0.0025
Co**-Mn"S CN(Co**-M™)-(1-f) 2.85+0.01 0.0035+0.0010 3.84+0.52
Co**-Mn®® CN(Co**-Mn®S)-f 3.50+0.01 0.004 2.90+0.55
Co0 0.05 Co*"-0 6-(1-f) 1.910.01 0.0037£0.0008  -11.5£1.4  20.41 0.0203
12h Co**-0 6f 2.1240.03 0.0040::0.0041
Co**-Mn"S CN(Co**-M™)-(1-f) 2.84+0.01 0.0022+0.0009 4.13+0.62
Co**-Mn®® CN(Co**-Mn®S)-f 3.43+0.02 0.004 5.39+1.76
Nind/Nvar 19/10

* A denotes the amplitude of the corresponding shell, which equals the coordination number (CN) scaled by the fraction of Co** (f) and Co™ (1-f) that was
obtained by LCF fitting of the QXANES spectra (Table S2). The coordination numbers of Co-O shells were fixed to 6, while the coordination numbers of Co-
Mn shells [CN(Co**-Mn®®) and CM(Co**-Mn*®S)] were floated

® The Debye-Waller factor was fixed to the value reported previously.’
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Table S4. Structural parameters for Co_0.20 on Mn™ 8-MnO,,

Sample Shell ID A R A o, A? AE,, eV Red ¥’ R-factor ~ CNM(Co**-Mn®)  CMCo*-Mn®S)
Co_0.20 Co*™-0 6-(1-f) 1.9120.01 0.0075£0.0018  -10.9+1.6 0.11 0.0367
2 min Co*"-0 6f 2.08+0.01 0.0041+0.0012
Co™-Mn™  CN(Co*-M™)-(1-f) 2.83+0.01 0.0033+0.0021 2.37+0.75
Co*"-Mn“® CN(Co**-Mn®%)-f 3.48+0.02 0.004° 2.21+0.47
Co_0.20 Co*™-0 6-(1-f) 1.9120.01 0.0052£0.0011  -9.9+1.4 0.05 0.0279
16 min Co*"-0 6f 2.09+0.01 0.0054+0.0013
Co™-Mn™  CM(Co*"-Mn")-(1-f) 2.84+0.01 0.0020+0.0015 2.34+0.55
Co**-Mn“® CN(Co**-Mn®%)-f 3.49+0.01 0.004 2.14+0.42
Co_0.20 Co*™-0 6-(1-f) 1.9240.01 0.0053£0.0008  -9.2+0.9 0.06 0.0117
62 min Co*"-0 6f 2.10£0.01 0.0070+0.0019
Co™-Mn™  CM(Co*"-Mn")-(1-f) 2.84+0.01 0.0040+0.0009 3.57+0.47
Co**-Mn“® CN(Co**-Mn®%)-f 3.49+0.01 0.004 3.25+0.48
Co_0.20 Co*™-0 6-(1-f) 1.9120.01 0.0048£0.0006  -8.8+0.8 2.44 0.0088
12h Co*'-0 6f 2.11£0.02 0.0072+0.0022
Co™-Mn™  CM(Co*"-Mn")-(1-f) 2.83+0.01 0.0032+0.0007 3.70+0.41
Co*"-Mn“® CN(Co**-Mn®%)-f 3.47+0.01 0.004 3.73+0.59
Nind/Nvar 19/10

4 denotes the amplitude of the corresponding shell, which equals the coordination number (CN) scaled by the fraction of Co>* (f) and Co™ (1-f) that was
obtained by LCF fitting of the QXANES spectra (Table S2). The coordination numbers of Co-O shells were fixed to 6, while the coordination numbers of Co-
Mn shells [CN(Co**-Mn®®) and CN(Co**-Mn*®S)] were floated

® The Debye-Waller factor was fixed to the value reported previously.’
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Table S5. Changes in Co®" and Co”" surface speciation at the surface of Mn" §8-MnO, as
a function of time in Co_0.05 and Co_0.20.

t, g (Co™- g (Co™"'- error’ in q(Co”'- ¢ (Co’*- error in
min  DCS)* TCS)  ¢(Co™"-CS)  DES) INC) g(Co*"-ES)
Co 0.05 7 0.015 0.003 +0.002 0.014 0.006 +0.002
66 0.013 0.004 +0.002 0.013 0.011 +0.003
720 nd 0.008 +0.004 0.016 0.018 +0.005
Co 020 2 0.052 nd +0.003 0.042 nd +0.009
16 0.066 nd +0.005 0.053 nd +0.008
62 0.037 0.017 +0.006 0.050 0.032 +0.010
720 0.027 0.020 +0.007 0.061 0.045 +0.011

? Surface excess of the various Co surface species estimated as the product of the Co surface
loading (g), the fractions of Co*" and Co®" obtained from the LCF-QXANES (Table S2) and
the CNs of the corresponding Co-Mn shells obtained from shell-by-shell fitting to the
QEXAFS spectra (Tables S3 and S4)

® Uncertainty in the surface excesses of the CS and ES geometries were estimated based on the
uncertainty in the CNs of the corresponding Co-Mn shells (Tables S3 and S4)

¢ nd = not detected, i.e. the estimated surface excess was lower than the uncertainty
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