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Abstract

A critical concern regarding electrolyte formulation in an electrochemical environment is
the impact of the interaction of the multiple components (i.e., supporting electrolyte or additive)
with the electrode surface. Recently, liquid-like neat Nanoparticle Organic Hybrid Materials
(NOHMs) have been considered as an electrolyte component to improve the transport of redox-
active species to the electrode surface. However, the structure and assembly of the NOHMs near
the electrode surface is unknown and could significantly impact the electrode-electrolyte interface.
Hence, we have investigated the depth profile of polyetheramine (HPE) polymer and NOHM-I-
HPE (nanoparticles with ionically bonded HPE polymer) in deuterated water (D,0) in the presence
of two different salts (KHCO; and ZnCl,) near two different electrode surfaces using neutron
reflectometry. Moreover, the depth profile of the NOHM-I-HPE near the electrode surface in a
potential has also been studied with in-situ reflectivity experiments. Our results indicate that a
change in the chemical structure/hydrophilicity of the electrode surface does not significantly
impact the ordering of HPE polymer or NOHM-I-HPE near the surface. This study also indicates
that the NOHM-I-HPE particles form a clear layer near the electrode surface immediately above
an adsorbed layer of free polymer on the electrode surface. The addition of salt does not impact
the layering of NOHM-I-HPE, though it does alter the conformation of the polymer grafted to the
nanoparticle surface and free polymer sequestered near the surface. Finally, the application of
negative potential results in an increased amount of free polymer near the electrode surface.
Correlating the depth profile of free polymer and NOHM-I-HPE particles with the electrochemical
performance indicates that this assembly of free polymer near the electrode surface in NOHM-I-

HPE solutions contributes to the higher current density of the system. Therefore, this holistic study
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offers insight into the importance of the assembly of NOHM-I-HPE electrolyte and free polymer

near the electrode surface in an electrochemical milieu on its performance.

Introduction

The use of Redox Flow Battery (RFB) has been considered as a potential solution to tackle
a common renewable energy storage relevant issue, that is the incorporation of this source into
grid-scale energy storage infrastructure.'> RFBs possess significant advantages over common
lithium-ion batteries, specifically, the ability to separate cathodic and anodic electrolyte, which
allows RFB to scale up power delivery and energy density without requiring any effort to change
the design for specific applications.>® However, the electrolytes used in RFBs still suffer from
limited solubility of electro-active species, safety concerns and expensive raw materials.”8
Recently, deep eutectic solvents,”!! microemulsions'>™!> and Nanoparticle Organic Hybrid
Materials (NOHMs)!'®!° have been considered as novel electrolytes for RFBs. Among these novel
electrolytes, NOHMs are of particular interest as they have shown great potential to be used in
RFBs due to their low volatility,”® increased oxidative thermal stability!®?!->* and chemical

tunability.?3-26

Recently, significant research efforts have been undertaken to understand the structure and
assembly of NOHMs and correlate this to their transport behavior to provide insight to optimally
deploy them in electrochemical applications.!”-1827-2 Specifically, in our previous study, small-
angle neutron scattering (SANS) is used to elucidate the structure and assembly of ionic NOHMs,
which highlights that in an aqueous solution, large amount of polymer that is ionically grafted to
the nanoparticle can detach from the grafting site and thus alters the composition of the solvent.

Moreover, this free polymer can interact with the grafted polymer while altering the conformation
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of the grafted polymer. Our study also indicates that the addition of salt changes this assembly of
polymer as salt competes with the polymer for the grafting site on the nanoparticle. The presence
of free polymer and alteration of the polymer conformation and NOHMs assembly with the
addition of salt significantly impacts the transport behavior of supporting electrolytes via NOHMs

in the bulk and near the electrode.3?

Literature shows that a very common cause of unstable current output is the result of
dendrite formation from the uneven deposition of salt.?!-33 The presence of polymeric additives
has been shown to improve the process of smooth deposition of salt on the electrode surface.?3*
A recent study by Hamilton et al. investigated the near surface ordering of ionic NOHMs (NOHM-
I-HPE) with HPE polymer in the presence of ZnCl, salt through various spectroscopic and
electrochemical analyses. The study indicates that the presence of HPE polymer and NOHM-I-
HPE at a certain composition in relation to Zn salt can maintain a stable current output and assists
in the smooth deposition of Zn . However, a thorough investigation is still required to understand
the packing of NOHM-I-HPE near the electrode surface and its impact on Zn salt deposition.
Hence, this study uses Neutron Reflectometry (NR) to investigate the ordering of NOHM-I-HPE
and HPE polymer near electrode surface, including the impact of an added potential on this near

surface structure.

Neutron Reflectometry is a unique technique that allows the investigation of the depth
profile of structures having different composition and densities.?> Moreover, isotope-specific
interaction of neutrons eases the process of discerning protonated species, such as polymers, from
deuterated species, such as the deuterated solvent.3® NR has been used extensively to investigate
the ordering of different ionic liquid-based electrolytes near electrode interfaces.’” 4% The

technique is also used to highlight the ordering of nanoparticles near modified surfaces.*!*? In this
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study, we investigate the ordering of HPE polymer and NOHM-I-HPE, considered as electrolyte
additives, near two different electrode surfaces (SiOy and Au). Previous studies indicated that
surface hydrophilicity altered the ordering of soft materials near a surface.** Thus, examining the
ordering of the NOHMs near two different surfaces provides insight into the importance of surface
hydrophilicity on NOHMSs ordering, where the modified SiOy interface (water contact angle ~40°),
is more hydrophilic than Au (water contact angle ~ 70°). Moreover, we have investigated the near
surface ordering of the additives in the presence of supporting electrolyte, 0.1M KHCOj3 near both
interfaces. Finally, we have examined the ordering of NOHM-I-HPE near the Au electrode in the
presence of 0.1M ZnCl, salt with and without applied potential. Under constant current conditions,
the observed applied potential allowed us to provide insight into the impact of the NOHM-I-HPE,

and its near surface assembly, on the process of Zn deposition occurring at the electrode surface.
Experimental Section

NOHM-I-HPE Preparation

NOHM-I-HPE was synthesized using previously reported methods.!%17:1925.29 Briefly, 6
wt. % 3-(trihydroxysilyl)-1-propane sulfonic acid (Gelest, Inc.) and 3 wt.% silica nanoparticles
(Ludox HS-30, 7 nm, Sigma Aldrich) aqueous solutions were prepared, followed by the addition
of the silica suspension to the silane solution in a dropwise manner. This was followed by the
addition of 1 M NaOH to adjust the solution pH to 5. The resulting solution was stirred for 24 h at
70 °C, facilitating the grafting reaction between the silica nanoparticle and the linker. Excess linker
present was removed via dialysis (SnakeSkin Dialysis Tubing 3500 molecular weight cut-off
(MWCO), Thermo Scientific) against deionized water for 48 hours. The linker-grafted solution

was passed through a cation exchange resin column (Dowex HCR-W2, Sigma-Aldrich) for
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removal of any cations on the functionalized SiO, nanoparticles surface and protonation of the
linker sulfonate groups. In order to ionically tether the polymer canopy to the surface-modified
nanoparticles, a solution of 10 wt.% Jeffamine M2070 (HPE, MW 2000, Huntsman Co.) was
prepared and added dropwise to the functionalized nanoparticle suspension until the equivalence
point of the solution was reached (pH = 6.5), where all the linker sulfonate groups were neutralized.
Finally, the solution was oven dried overnight at 65 °C to remove all water from the prepared
mixture. Before sample preparation, NOHM-I-HPE materials were dried again under vacuum at

60 °C for 3 h to ensure the removal of any possible absorbed moisture.

NOHM-I-HPE and HPE Solution Preparation

NOHM-I-HPE and HPE solutions were prepared by mixing previously oven dried NOHM-
I-HPE and HPE with D,0 to achieve 10 wt.% in solution using an analytical balance (ML104T,
Mettler Toledo) with a precision of 10 g. For samples containing salt, the solutions were prepared
by adding 0.1 M KHCOj; (Sigma-Aldrich, ACS, >99.0%) or 0.1 M ZnCl, (Sigma Aldrich, ACS,
>99.0%) to the previously prepared NOHM-I-HPE and HPE solutions. Samples were mixed in 10
mL volumetric flasks until complete dissolution of the salt was observed. The pH of the solutions

containing ZnCl, was adjusted to 5.0 using H;BO; (Sigma Aldrich, ACS, >99.0%).

Surface Preparations

Au and SiO, surfaces were prepared in advance of the execution of the neutron scattering
experiments. The Au wafer which has a chromium layer for better adhesion of the gold layer, was
provided by Oak Ridge National Laboratory's Center for Nanophase Materials Science (CNMS).
For the preparation of SiOy surface, the silicon wafer was first cleaned with a piranha solution

prepared using 3:1 sulfuric acid:hydrogen peroxide to remove contaminants from the surface. Then
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the wafer was rinsed using nanopure water and dried using air. The wafer was then sealed in air

for several days to form oxide layer.
Neutron Reflectivity Measurement and Analysis

Neutron reflectivity experiments were conducted at the BL-4B liquid reflectometer at the
Oak Ridge National Lab (ORNL), Spallation Neutron Source (SNS). A solution cell was used to
load the samples and then measurements were obtained at 25 °C over a Q range of 0.008-0.2 A1,
The solution cell used for these measurements is detailed by Browning et al.** In brief, the cell
consists of an aluminum housing in which the experimental wafer (Au or SiOx) and a 2" Si wafer
are separated by an O-ring. Once the cell is compressed against the O-ring, a space is created that
can be filled with ~ 3 ml of the solution. The solution was injected carefully through the liquid
inlets created on the Si wafer so that no air bubbles were present. During the sample changeover,
the cell was flushed with the sample that is planned for the next experiment to remove any residue
from the earlier experiments. Before the cell assembly, the parts of the cell were sonicated in

hexane and isopropanol for cleaning purposes.

To execute the potential-dependent experiments, a 3-electrode electrochemical cell was
prepared that was comprised of a counter electrode (platinum), a working electrode (Au) and a
reference electrode (Ag/AgCl). Potential dependent analysis at -1.1 V and -1.5 V (vs Ag/AgCl)
was performed using a Biologic VSP potentiostat. When the desired potential was reached, the
cell was held for two hours to obtain neutron reflectivity measurements. Before switching the
potential from -1.1 V to -1.5 V, the cell potential was turned off and held at rest for 10 minutes.
Figure S1 shows the photo of the electrochemical cell used for the neutron reflectivity

measurements.
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All reflectivity data was reduced by the instrument scientist and fit using the Motofit
package loaded as an extension in the IGOR Pro software.*> Neutron reflectivity is a sensitive
technique that provides information on the depth profile of a layered structure. The reflectivity fit
provides information about the thickness, roughness and scattering length density of the layered
structures. The scattering length density (SLD) documents the identity of the specific species

probed within the density profile. The SLD of a given species can be calculated using Equation 1.
SLD (z) = Xb;ni(2) 1

In Equation 1, SLD (A-2) is the scattering length density of the species, b; is the scattering
length (fm) of individual nuclei, #; is the number density of the species and z is the perpendicular
distance away from the substrate surface. The calculated scattering length densities of the known

components in the systems studied are provided in Table S1.
Discussion and Results

Characterization of SiO, and Au substrates

The density profile of the Au and SiOc wafers is first characterized by neutron
reflectometry. Figure S2 shows the reflectivity curves and the fit of these curves to a scattering
length density profile for both wafers. The substrates have known composition with unspecified
density profiles, which are characterized by thickness (Z) and roughness (R) of layers. Therefore,
while fitting the reflectivity profile of the substrates, the SLD of each was not allowed to vary. The
results from the reflectivity fitting confirm the formation of an SiOy layer with an SLD of 2.89
x10¢ A-2 with a thickness of ~135 A thick. Two Au-coated wafers are used for reflectivity analysis
to minimize the sample change time. The reflectivity analysis of the Au coated Si wafers show a

46-56 A thick chromium layer with a subsequent Au coated layer of 140 A. Table S2 documents

8
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the SLD, thickness and roughness of density profile of the SiO, and Au coated wafers. The SLD,
thickness and roughness of the density profile on these substrates were kept constant in the fitting
and analyses of wafers in contact with HPE or NOHMs solutions to increase the confidence of the
fit. However, while fitting the NR profiles of HPE sample with the SiOx substrate, it was realized
that the SiO, surface hydrates in the presence of deuterated water, increasing the SLD from 2.89
x10° A2 to 3.49 x10-6 A-2. The increase in SLD with the presence of deuterated water molecules
of SiOy surface is previously observed when a microemulsion sample is analyzed for structural
variation with a change in hydrophilicity of the surface.*¢ The obtained SLD (3.49 x10¢ A-2) of
the SiOy surface was then kept constant to obtain a robust fit for the density profile of the HPE

polymer with salt and NOHM-I-HPE sample with and without salt.
Density Profile of HPE polymer near Au and SiO substrate

To simplify the analysis of the ordering of NOHMs near the Au and SiOy interfaces, we
first investigate the near surface structure of 10 wt.% HPE polymer with and without salt using
neutron reflectometry. Figure 1 shows the reflectivity curve and fit of the density profile of HPE
polymer in D,0O near the Au surface, where the inset in Figure 1 shows the SLD profile obtained

from the fit. Table 2 documents the details of the density profile obtained from reflectivity fit.
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Figure 1. Neutron reflectivity profiles of HPE polymer in D20 near Au surface (a) and SiO; surface
(b). The inset contains the SLD profile obtained from the fit, where the two layers are noted in the
SLD profile: / is the polymer rich layer and 2 is water rich layer.

The reflectivity results indicate that layers with an SLD of 0.78 and 1.00 (the unit of SLD
x106 A-2is omitted for simplification) decorate near the Au and SiO, surfaces, respectively. The
SLD of this layer is similar to the SLD of the pure HPE polymer documented in Table S1. Hence,
we interpret this to indicate that an HPE-rich layer forms near both surfaces. Moreover, the
thickness of the HPE-rich layer near both surfaces is ~38 A. Small-angle neutron scattering shows
that the radius of gyration (Ry) of the HPE polymer is ~15 A,' indicating that two-three layers of
HPE polymer assemble near the interfaces. The roughness of the HPE-rich layer is on the length
scales of ~16-20 A, where such a high roughness indicates a broad interface between the HPE
rich layer to the subsequent layer. The SLD of this subsequent layer 5.85 on Au and 6.09 on SiOy
, which is approaching the SLD of pure D,0O (6.35). Hence, this layer is a D,O-rich layer. The
thickness of the D,O-rich layer near Au surface is only 16 A whereas the D,O-rich layer near the
SiOyis 135 A. The hydrophilic nature of SiOy could contribute to the broader D,O layer near the

surface.

Impact of KHCO; salt in the ordering of HPE polymer

10
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Figure 2 shows SLD profile that emerges from the fit of the reflectivity profile of HPE
polymer with added KHCOj salt neighboring both the Au and SiOy surfaces. Table 2 documents
the details of the SLD density profile that emerge from the fit of the reflectivity data. The SLD of
the first layer is ~0.60, where such a low value confirms the presence of an HPE-rich layer near
both surfaces. The thickness of the HPE polymer layer is ~37 A on both surfaces, with roughnesses
close to 10 A confirming a multilayer of the HPE polymer. Unlike the sample with no salt solution,
the density profile of the subsequent layers near both interfaces reveals three unique HPE-rich

layers in both the Au and SiOy samples. However, the variation of the SLDs and thicknesses in the

a b.
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Figure 2. SLD profiles of HPE polymer in D,0O with the presence KHCO; salt near Au surface (a) and
SiO, surface (b). 4 layers are documented in the SLD profile: / is the polymer rich layer and 2, 3, 4 are
the water rich layer .

density profiles are quite different depending on the interfaces.

In the case of the Au surface, the density profile approximates three layers neighboring the
HPE polymer-rich layer, where the SLDs of the three layers are 3.46, 4.37, and 5.12. The SLD of
3.46 is well above that of the pure HPE polymer, indicating that this layer is more D,0 rich than
the near surface layer, where the amount of D,O increases with each subsequent layer. However,

the SLD of these layers near the SiO surface is higher than that observed near the Au surface.

11
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This indicates that D,O aggregates more in the vicinity of the (hydrophilic) SiOy surface. In fact,
the average thickness of the three D,0 rich layers near the SiOy surface is larger than the same
three D,0 rich layers near the Au surface, further documenting the affinity of D,O to the SiOy

surface.

Table 2. SLD profile obtained from fitting of the reflectivity profiles of 10 wt.% HPE polymer and
10 wt.% HPE polymer with 0.1M KHCOj3 in D,O near Au and SiO; surfaces.

Sample = Wafers Parameters Layer1 Layer2 Layer3 Layer4  Bulk

10wt.%  Au  SLD(109A2) 078+ 585+

HPE + error 0.15 0.2 376
Z (A) < error 36.8 = 16.1 =
1.63 2.76 )
R (A) £ error 159+ 2.69 + 17.1 +
0.20 1.90 5.98
SiO, SLD (10°A2) 100+  6.09+ 5.76
+ error 0.04 0.03
Z (A) + error 37.8+ 135+
0.94 2.16 i
R (A) + error 21.7+ 7.25+ 13.3+
0.92 0.33 1.15

Au SLD (10°A2) 065+ 346+ 437+ 512+ 5.75

10 wt.% + error 0.03 0.24 0.07 0.08
HPE Z(A)yterror 384+ 291+ 452+  69.1%
0.1IM 0.47 2.40 17.3 4.58 i
KHCO; R (A) £ error 891+ 473+ 11.03+ 495+  86.1%
1.48 2.62 7.22 12.9 49.16
SiO, SLD (10¢A2) 067+ 433+ 528+ 536+ 5.75
+ error 0.15 0.13 0.05 0.01
Z (A) + error 358+ 46.1 £ 975+ 197 +
2.16 1.41 11.5 7.40 i
R (A) + error 134+ 747+ 514+ 513+ 909+
0.94 1.14 2.46 11.3 8.76

This phenomenon of ordering water molecules in different layers near both substrates can

be attributed to the kosmotropic effect of the salt.#”#® The salt is dissociated to ions in the water ,

12
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where the electron density of the ions guides the dipolar water molecules to reorient around the
ionic species, which results in a structure of water molecules that differs from that of bulk water.
Kosmotropic salts promotes the ordering of water, whereas chaotropic salts disrupt the water
structure.*® The kosmotropic behavior of the KHCOj3 salt can mediate the ordering of the water by
altering arrangement of water molecules around K* and HCO; ions.>® However, it is not clear

from the SLD profiles whether the K™ or HCOj3 ionic species dominates the water ordering in

these layers.
Density profile of NOHM-I-HPE near Au and SiOy surface

The near surface assembly of NOHM-I-HPE near the Au and SiOy surface is determined
by fitting the reflectivity profile of the 10 wt.% NOHM-I-HPE solutions near the SiO and Au

surfaces. Figure 3 shows the SLD profile of NOHM-I-HPE near the Au and SiOy surface resulted

a b.
9, -
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24 Pl
h s < >
5 ) 5
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- 5 <
= =
et 2
(o] a3
- |
? 3 7

2 1 /'
0 200 400 600 800 200 400 600 800
Distance from interface (A) Distance from interface (A)

1000 0 1000 1200

Figure 3. SLD profiles of NOHM-I-HPE in D,O near Au surface (left) and SiO, surface (right). 5

layers are noted in the figure: layer / is the free polymer layer, layer 2-4 forms the single NOHMs
layer and layer 5 is the transition layer.

from the fit of the reflectivity curves. Table 3 documents the details of the SLD density profile that

emerge from the fit of the reflectivity data of NOHM-I-HPE solution near both interfaces.

13
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Table 3 Density profile parameters that result from fitting the reflectivity profile of 10 wt.%
NOHM-I-HPE and 10 wt.% NOHM-I-HPE with 0.1M KHCOj; in D,0.

The results from the reflectivity fit of the NOHM-I-HPE solution show a structure of 5

Sample Wafer Parameters Layer Layer Layer Layer Layer Bulk

1 2 3 4 5
10 wt.%  Au SLD (100 A2) 080+ 270+ 5.01+ 438+ 551+ 5.95
NOHM- + error 0.15 0.03 0.05 0.08 0.01
I-HPE Z(A)yferror 187+ 183+ 97.7+ 219+ 285+ -

0.71 0.56 034 167 220
R(A)+error 3.54+= 569+ 186+ 495+ 117+ 80.5+
0.81 027 282 088 262 1147
SiO,  SLD(10°A2) 0.83+ 121+ 539+ 518t 547+ 595
+ error 0.15 041 0.01 0.11 0.19
Z(A)+error 266+ 19.8£ 10583 208 @ 242+ -
3.29 1.86 +£7.10 +080 2.62
R(A)terror 473+ 6.89+ 164+ 6.05+ 815+ 188+
0.01 3.05 120 210 852 10.1

Au SLD (100A2) 1.18+ 294+ 454+ 404+ 535+ 59

10 wt.% + error 008  0.28  0.01 0.08  0.44
NOHM- Z(A)zerror 149+ 144+ 917+ 146+ 221+
I-HPE 023  0.42 1.41 021  4.96
0.1IM R(A)+error 592+ 477+ 219+ 648+ 2441 602+
KHCO; 1.1 1.0 380 0.80 +8.04 212
SiO, SLD(106A2) 071+ 1.03+ 521+ 499+ 570+ 5.9
+ error 0.01 0.01 0.01 0.01 0.08

Z(A)yzerror 198+ 17.8+ 856+ 100+ 303+ -
0.1 0.04 1.5 1.8 9.10
R(A)+error 540+ 829+ 165+ 695+ 3036 76.1+
1.10 1.27 0.73 1.70  £5.71 26.84
layers above the Au and SiOy surfaces and below the bulk NOHM-I-HPE solution. The first layer
has a low SLD of ~0.84 near both the Au and SiOy surface, which is very similar to the SLD
obtained from reflectivity profiles of HPE polymer in D,0. The thickness of the layer varies from
~15-27 A, similar to the R, of the polymer. The second, third, and fourth layers oscillate between
a narrow layer (~20 A) with an SLD of 2.70 (Au surface) and 1.21 (SiO surface), followed by a

layer with a much larger SLD (5.01 on Au and 5.39 on SiO,) that is ~100 A wide, with the fourth

14
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layer that is also narrow (~20 A) with a lower SLD (4.38 on Au and 5.18 on SiOy). Given the
thicknesses of these layers, and their SLDs, we interpret this SLD profile to indicate the ordering
of a single fluctuating layer of NOHMS in D,0 immediately above the HPE rich layer. In this
picture, the first layer captures the lower part of the NOHMs layer, which is the grafted HPE on
the bottom of the silica nanoparticle; the second layer is the silica nanoparticle dispersed in D,0,
and the fourth layer is the HPE grafted on the top of the nanoparticle. The thickness and SLD of
the third layer is consistent with the silica nanoparticle diameter (~90 A)3° and scattering length
density. The SLD of this layer is higher than the SLD of the pure silica nanoparticle (5.0-5.4 vs
4.2), which makes sense, as this layer must also include D,O. The roughness (~17 A) of this layer
is consistent with the fluctuating nature of this NOHMs layer in the z-direction. The fifth layer is
a transition layer to the bulk layer that has an SLD of 5.51 and 5.47 near the Au and SiOy interfaces,
respectively. This is the highest SLD among the five layers, which signifies the significant

contribution of higher D,O content in this layer than lower layers.

Overall, the ordering profile of the NOHM-I-HPE near the Au and SiO, surface shows an
interesting assembly, where Figure 4 provides an illustration of the ordering of the NOHMs and

HPE near the surface in the NOHM-I-HPE solution from the reflectivity analysis. This cartoon

1 2-4 5
o e e
wmr;'%'ﬁ,‘% y g’f‘% o ; i
S e 1l}L".:r"” "J:‘; .%l: g.
= w””’}"{‘?‘* i5 3 =
ey o

Figure 4 Representative figure illustrating the ordering of free polymer and NOHM-I-HPE near Au
surface. 5 layers are noted in the figure: layer / is the free polymer layer, layer 2-4 forms the single
NOHMs layer and layer 5 is the transition layer.
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captures the presence of a single HPE-rich layer near both interfaces. This single layer of HPE
polymer can be attributed to the free polymer that is present in NOHM-I-HPE solution. Then an
ordered NOHMs layer is observed above the free polymer layer, a combination that is captured in
the second, third and fourth layers from the reflectivity fit. This is capped by a transition layer that
extends to the bulk of the solution. Moreover, we believe that the assembly of the NOHMs into
this stratification emerges from the affinity of the HPE layer to the surface, where the subsequent

organization of the NOHMSs above this layer is guided by this foundational layer.
Impact of KHCO; salt on the ordering of NOHM-I-HPE near Au and SiOy surface

The addition of KHCO; salt to the NOHM-I-HPE does not alter the overall assembly
structure of the NOHM-I-HPE near the surface. Analysis of the reflectivity profiles shows that the
density profile of the NOHMS in the presence of the KHCOj salt forms five layers that mimic the
structure in the unsalted NOHMs solutions. Figure 5 shows the SLD profiles of the NOHM-I-
HPE solutions with added KHCOj salt and Table 3 documents the details of the SLD depth profile

near both surfaces.

a. b.
7 7
l 10% wt. NOHM-I-HPE (0.1M KH003}| | | 10% wt. NOHM-I-HPE (0.1M KH003)|
b i
6 - -« — 8 24 _
] e »
2"4 54 5
_5- > —_
= | <4
= o
2 331
?, | . )
1 2-
2 14
1 T T T T T T T T T T 0 T T T T T T T T T T
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Distance from interface (A) Distance from interface (A)

Figure 5 SLD profiles of NOHM-I-HPE in D,0 in the presence of KHCO; salt near Au surface (a) and
SiO, surface (b). 5 layers are noted in the figure: layer / is the free polymer layer, layer 2-4 forms the
single NOHMs layer and layer 5 is the transition layer.
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Although the density profile of the NOHMs with solution added salt exhibit similar
ordering to those without salt, careful analysis shows notable changes that can be attributed to the
role of salt on the nanoscale structure in the solution. For instance, the size of the HPE-rich layer
near the surface decreases for both surfaces, while the thickness of the grafted HPE polymer layers
decreases from ~19 A to ~14 A and ~22 A to ~15 A. Thus, the presence of the salt tends to decrease
the solvent quality and collapses the HPE polymer in solution. This is consistent with our small-
angle neutron scattering results, which quantifies the impact of adding salt on the conformation of

the free and grafted HPE polymer.!°-30
Density profile of NOHM-I-HPE near Au surface with varying potential:

The results presented above provide insight into the density profile of NOHM-I-HPE solutions

near a quiescent surface. However, it is clear that the application of a potential across this interface

0 can alter the structure of the interface, i.e., by
: NOHM-I-HPE with salt OV

: NOHM-I-HPE with salt -1.1V . o
14 deposition of salt, and it is known that a field

can alter the orientation and structure of soft

@ -3
materials. Thus, we completed experiments

-4
5 to monitor the near surface density profile of
%4 ' the NOHMSs solutions with ZnCl, salt in an

000 002 004 006 008 010 012 014 016
QA"
Figure 6 Neutron reflectivity profile showing change Sample was under the influence of apphed
in features in reflectivity profile when potential is

applied to NOHM-I-HPE solution in presence of potential at 0, -1.1, -1.5 V vs Ag||AgCL
ZnCl, salt. ’ ’

applied field. In these experiments, the

Comparing the reflectivity profile of the
NOHM-I-HPE solutions with ZnCl, with 0 V and -1.1 V applied field are presented in Figure 6.

Inspection of this figure clearly shows a shift in the fringes with application of -1.1 V, indicative
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of a change in the density profile of the near surface structure of the NOHMs solutions with the
applied potential. Figure 7 shows the SLD profiles of NOHM-I-HPE solutions with added ZnCl,
at 0V, -1.1V, and -1.5 V, from the fits of the data. Table 4 provides the details of the density

profile of the SLD that emerge from the fit.

The ordering of NOHM-I-HPE with the presence of ZnCl, salt without any potential shows a
similar structure to those observed in NOHM-I-HPE solutions with KHCOj salt. The profile shows
the presence of 5 layers between the Au surface and bulk solution. The SLD of the layer
neighboring the Au surface is 2.88, while its thickness is ~15 A. It is interesting that this layer has
a higher SLD than that of the NOHM-I-HPE solution with KHCOs salt, indicating that this layer
contains more than just HPE polymer. An increased amount of D,O in this layer or the coordination
of the Zn ion with the ether oxygen of the HPE polymer would increase the SLD of this layer.
Previous work by Hamilton et al. indicates that Zn weakly interacts with the ether group of HPE
polymer.?® Thus, we ascribe the increased SLD of the first layer of NOHM-I-HPE with added
ZnCl, salt to be due to the sequestration of Zn ions in this HPE layer. While the potential of
increased D,0 loading in this layer cannot be discounted, the absence of this level of D,O in the
KHCOs solutions supports the presence of Zn ions as the dominant factor. Similarly, this increase
in SLD is also observed in the NOHMs layer that assembles above the free polymer layer, further
supporting the relevance of the interaction of Zn ions with HPE polymer that is grafted to the silica

nanoparticles.
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The fitting of the reflectivity curves shows that the near surface density profile of the

NOHMs solutions change from 5 layers to 3 layers with the applied potential, the ordering of the

structures near the surface changes from 5 layers to 3 layers before transitioning to bulk. Under

6.5 T T T
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52| d
- S :
39 / ’\3 1
I 1 2
26 4
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52 - i
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?’39_ / <i> J
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0 500 1000 1500

Distance from interface (A)

Figure 7 SLD profile of NOHM-I-HPE with ZnCl, salt in
D,0 near Au surface at 0 V (bottom), -1.1 V (middle), -
1.5 V (top). At 0 V, 5 layers are noted where / is the free
polymer layer, 2-4 form the single NOHMs layer and 5 is
the transition layer. At-1.1 V and -1.5 V, 3 layers are
documented where 7,2 are the free polymer layers and 3
is the transition layer.

the applied potential of -1.1 V, the first
layer has an SLD of 3.39 with a thickness
of ~16 A. At 0V, the SLD of the first
layer is lower than this layer, but the
thickness remains similar. This indicates
that the HPE polymer is not affected by
the applied potential, however, more
deuterated water molecule migrates in
this layer. The loss of two layers in the
SLD profile strongly suggests that the
NOHMs nanoparticle no longer order at
the surface in an applied potential.
Rather, the SLD and thickness that
emerge from the density profile suggest
that the second layer is also dominated
by a broad layer of HPE free polymer.

The sequestration of free polymer

towards the electrode surface could be due to the attractive interaction between free polymer and

the negative potential at the electrode surface. The HPE polymers possess positively charged end

groups that are meant to graft to the negatively charged SiO, nanoparticle surface. Thus, this
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polymer will be attracted to the negatively charged electrode, driving its migration towards the
electrode surface. Similar potential-dependent ordering is a common phenomenon in ionic liquid-

based electrolytes where the ordering of cations and anions can be tuned by altering the potential .*®

Table 4 SLD density profile that emerge the fit of the reflectivity of NOHM-I-HPE solution in the
presence of ZnCl, salt at 0, -1.1, -1.5 V.

Sample | Potential | Parameters Laly er Lag r Lagf r Lazfer Lag " | Bulk
SLD (10° | 288+ | 3. 71+ | 495+ | 469+ | 5.06+ 5.68
A2 terror | 0.13 0.27 0.07 0.04 0.01 '
0V Z(A)+ 155+ | 139+ | 98.62+ | 16.1+ | 234+ )
error 1.69 0.82 3.5 244 6.80
R(A)+ 743+ | 973+ | 295+ | 532+ | 43.8+ | 182+
error 1.25 2.01 5.10 1.02 34.0 7.20
10 Wt.% ;_I;Il(lo 6 1 339+ | 240+ | 525+ ) ] 5.68
NOHM- ) £ error 0.15 0.14 0.05
I-HPE 11V Z(A)+ 16.4+ | 383+ | 411+ ] ] ]
with error 2.62 1.50 15.57
ZnCl, R(A)+ 830+ | 17.8+ | 542+ i i 198+
error 1.1 3.68 5.35 7.0
SLD (10 | 394+ | 3.76+ | 5.50+ ] ] 5.68
A2 +error | 0.04 0.02 0.10 )
15V Z(A)+ 39.5+ | 692+ | 466+ ] ]
) error 1.10 4.78 19.8
R (A)+ 248+ | 179+ | 988+ 172+
error 1.10 2.20 10.20 i i 7.20

Finally, the SLD and thickness of the upper (3'¢) layer in the samples with applied potential
is similar to the upper (5%) layer of the samples with no applied potential. Thus, we assign this

layer to a transition layer from the ordered surface layers to the bulk.

The near surface ordering of the NOHMs changes dramatically when an applied potential
is present. In the absence of an applied field, the reflectivity shows the presence of a fluctuating
layer of NOHMs near the Au surface, however upon application of a potential, this near surface

ordering is eliminated. This phenomenon is quite unique, however, not surprising considering that
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the surface of the silica nanoparticles is functionalized with negatively charged linkers.
Consequently, when a negative potential is applied to the electrode surface, we expect that there
is a repulsion of the negatively charged NOHM surface and the electrode, disrupting the ordering
of NOHMs near the surface. The loss of an ordered NOHMSs layer frees that area to promote the
assembly of additional free polymer near the surface. The freedom of movement of free polymer
and the applied potential also facilitates the accumulation of Zn salt in close proximity to the

surface.

Moreover, this data is also consistent with previous work by Hamilton et al. which shows
that the deposition of Zn salt at the electrode surface starts at -1.3 V. In our reflectivity study, the
SLD of the first layer further increases to 3.94 and its thickness by ~240% with the application of
a potential of -1.5 V. The increase in SLD and roughness is consistent with the deposition of Zn
salt on the Au surface. The SLD of the profile decreases with distance from the Au surface, which
we ascribe to the assembly of the protonated HPE polymer immediately above the HPE/Zn layer
on the electrode. With the increase in potential from -1.1 V to -1.5 V, the increased SLD of this
layer suggests that the increased HPE loading also includes interacting Zn (II) ions in this layer.
The upper most layer is again a transition layer between the ordered structure near the electrode
surface and the bulk layer. The SLD of the transition layer is higher (5.50) at -1.5 V than the SLD
of the transition layer (5.25) at -1.1 V, emphasizing the diffusion of protonated polymer from the
transition layer to the first and second layer, which results in an increase the SLD of the transition

layer.

Figure 8 provides an illustration of the density profile of the components in the NOHM-I-
HPE solutions at 0 V and -1.5 V potential in the presence of ZnCl, salt. At 0 V, the free polymer

assembles near the surface as the primary first layer, followed by a fluctuating NOHM-I-HPE layer
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immediately above that. The coordination of Zn (II) with the free polymer and the grafted layer
manifests as an increase in the SLD of the free and grafted polymer layers. Application of 1.5 V
potential drives the Zn salt to sequester to the surface in the primary first layer. The ordering of
the Zn at the surface is in agreement with the study by Hamilton et al. that observed the segregation
of Zn to the electrode surface in similar NOHM-I-HPE samples. Above this near surface layer
resides a free polymer-rich layer, which differs from the second layer of the NOHM-I-HPE sample
at -1.1 V. This layer has a higher SLD and is thicker. The higher SLD indicates that this layer
contains more D,0, which also translates to a larger roughness, signifying a broader gradient to
the transition layer. These analyses offer structural insight into the role of the HPE and/or NOHM-
I-HPE on the deposition of Zn in these solutions as observed by Hamilton et al. In these studies, it
was observed that the presence of HPE or NOHM-I-HPE in ZnCl, solutions drives a smooth
deposition of Zn on the electrode surface and limits dendrite formation. The results presented here

show that the ordering of free polymer and the interaction of free polymer with Zn provides an

a b.
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— > » — —
e o P b
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e o 3l B8 .
5 Y eyls ikd B Dan Wi, et B
w P&y, - e 7
. {%_5 al o ;
%"i"" ,-r'; .';::’1& e ’L\_:?rr “-:',.::‘N
W.-u:’:\f{i:‘“' ‘rfg e !V:NA LV ""';.g’.;lw .-»'"'{'"

a~n  Protonated free polymer

® /n

i N .
* "=~~~ Functionalized silica nanoparticle with grafted HPE polymer

Figure 8 Ordering of free polymer and NOHM-I-HPE near the Au surface at 0 and -1.5 V. Figure 8a
shows the ordering of free polymer (layer /) and NOHM-I-HPE near the surface that interacts with Zn

(IT) (layer 2-4). Figure 8b shows the deposition of Zn (layer /), more ordering of free polymer (layer
2) and disordering of NOHM-I-HPE near Au surface (layer 3).
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assembly of all components near the surface that benefits the smooth deposition of Zn on the

electrode surface at the applied potential.

Impact of ordering of HPE and NOHM-I-HPE on Electrochemical performance

Neutron reflectivity results show that when free HPE polymer is in the aqueous solution in
the presence of supporting electrolyte, at least two-three layers of unbound HPE polymer
assembles near the Au and SiO, surface (both surfaces will be considered as electrode surfaces for
rest of the section). This assembly of HPE polymer can passivate the electrode surface and decrease
available surface area for the electro-active species near the electrode surface, decreasing the
probability of the redox reaction. Thus, this ordering of HPE polymer could eventually decrease
the current density of an electrochemical system by decreasing the active sites near the electrode
surface. In the case of the NOHM-I-HPE, a single layer of free polymer adsorbs near the electrode
surface. Moreover, the supporting electrolyte may coordinate with the HPE polymer providing
additional pathways for the ion to reach the electrode. This offers pathways for the supporting
electrolyte to access the surface of the electrode, to increase current output relative to a solution
with only to unbound HPE polymer. This interpretation is supported by the results presented by
Hamilton et al. where ZnCl, solutions showed increased current density with the presence of

NOHM-I-HPE additive relative to the sample with just HPE polymer.?®

Conclusion

In this study, neutron reflectometry has been used to carefully monitor the ordering of the
polymeric and naoparticle components, HPE and NOHM-I-HPE, of a promising electrolyte near
electrode surfaces with varying surface chemistry and potential. The study indicates that a change

in the hydrophilicity of the surface does not alter the ordering of the free polymer or NOHM-I-
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HPE near the electrode surface. The addition of KHCOj; salt in the HPE solution causes a
kosmotropic effect, forcing layers of varying water composition to assemble near the surfaces. The
results show that free polymer segregates to the electrode surface with a neighboring single layer
of NOHM-I-HPE. Interestingly, the ordering of the NOHM-I-HPE layer does not significantly
change with the addition of salt. Rather, the addition of salt, the collapses the grafted HPE polymer
, as demnostrated in our previous work,3° with little change in the depth profile of free polymer or
NOHM-I-HPE. The application of a potential appear to disrupt the single layer of NOHM-I-HPE
assembled near the Au surface. Additionally, more free polymer segregates to the surface with the
applied potential. At the highest negative potential examined (-1.5 V), the near surface structure
of the NOHM-I-HPE remains disordered with an increase in the amount of free polymer and Zn
sequestered near the electrode surface. Correlating this assembly of free polymer and Zn on the
electrode surface in a potential with a previous study by Hamilton et al., which shows a smooth
deposition of Zn on the electrode surface in the presence of NOHM-I-HPE, suggests that the
assembly of the free polymer near the electrode surface promotes the smooth deposition of Zn.?°
Therefore, the results presented in this study provide fundamental insight into the impact of the
near surface assembly of free polymer and NOHM-I-HPE nanoparticles on the ultimate
performance of NOHM-based electrochemical systems. 2° For instance, this work may have
potential implications in CO, reduction (CO,R) studies where structuring of water molecule near
the electrode surface and the presence of cations with varying size may impact CO, reduction
reactions.’'? Finally, to develop improved NOHMs based electrochemical systems, further
experiments are needed to more fully elucidate the impact of the ordering of HPE polymer
covalently bound to the nanoparticle surface (NOHM-C-HPE) near the electrode surface to their

electrochemical performance.
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