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ABSTRACT: New nanostructures often reflect new and exciting properties. Here, we present a
hitherto unreported two-dimensional PdO square network with lateral dimensions up to hundreds
of nanometers growing on reduced graphene oxide (rGO), forming a hybrid nanofilm. An

intermediate state of dissolved Pd(0) in the bacterium S. oneidensis MR-1 is pivotal in the



biosynthesis and inspires an abiotic synthesis. The PdO network shows a lattice spacing of 0.5 nm
and a thickness of 1.8 nm on both sides of an rGO layer and is proposed to be cubic or tetragonal
crystal, as confirmed by structural simulations. A 2D silver oxide analog with a similar structure
is also obtained using an analogous abiotic synthesis. Our study thus opens a simple route to a
whole new class of 2D metal oxides on rGO as promising candidates for graphene superlattices
with unexplored properties and potential applications for example in electronics, sensing, and

energy conversion.

New structures often possess novel physicochemical properties of exceptional interest.!* As an
emerging graphene derivative, graphene superlattices have attracted considerable attention due to
their great potential in applications of electric and optical devices.>¢ Research focus has been
devoted particularly to two subgroups, i.e., magic-angle graphene superlattices and
graphene/hexagonal boron-nitride superlattices,>!> while the interaction of graphene with other
crystal layers has rarely been reported. Unexpected structures and properties were reported when
graphene oxide (GO) was decorated with metal nanomaterials,'*'® which implies uncharted
interactions between the metals and GO. For example, a PdO interlayer was formed following the
interaction between Pd atoms and GO, leading to unusual 2D-like growth, while Ag, Au, and Pt
grew randomly on GO. The Pd-decorated GO showed good performance in gas sensing and

electrochemical water splitting.!* Ir/Pd nanocluster superlattices with high structural perfection



were formed when Ir and Pd were deposited successively on a graphene/Ir(111) substrate,
exhibiting great hydrogen solubility for hydrogen storage.”” However, to the best of our
knowledge, a homogeneous metallic crystal layer on graphene alongside new properties has not
been reported.

Biogenic metal nanomaterials have shown exclusive properties. For example, Pd nanoparticles
(PANPs) produced by S. oneidensis MR-1 (MR-1) selectively catalyzes the oxidation of formate
over other small organic molecules, while the unique selectivity was absent in the
electrochemically deposited Pd.!® Arsenic-sulfide nanotubes synthesized by Shewanella sp. HN-
41 displayed decreased electrical conductance with increasing temperature like a metal, but was
simultaneously photoactive like a semiconductor.! These exclusive properties are believed to result
from the unusual structure and/or composition originating from interactions between microbes and
metals.!” Nevertheless, biosynthesis is typically limited by its low yield and poor control.
Understanding the unique interplay between microbes and metals would not only unveil the
operating mechanism of the microbe exposed to extracellular metals,?->* but guide analogous
abiotic synthesis with often easier control and a higher yield.>>2

We report here the synthesis and structure of a 2D PdO square network on a reduced GO (rGO)
layer. The PdO network completely and homogeneously covers both sides of the rGO layer,
leading to a hybrid nanofilm. The nanofilm was initially discovered in a biosynthesis process, in
which dissolved Pd(0), as an intermediate form of Pd(II) towards PANPs during the microbial

reduction by MR-1, is released from MR-1 cells to the GO surface where the network is formed



and GO reduced to rGO in a following hydrothermal process. Control experiments suggest that
the dissolved Pd(0) is the key to the network formation, inspiring an abiotic synthesis of the same
structure, in which the role of MR-1 is taken by K4[Fe(CN)¢] to produce dissolved Pd(0). The
network is validated to be PdO by elemental analysis. Further investigations by microscopies show
a thickness of 1.8 nm on each side of the rGO layer and a lattice spacing of 0.5 nm of the PdO
network. An unprecedented crystal structure (cubic or tetragonal) of PdO is proposed and matches
well all the results. A hitherto unreported and similar rGO-based silver oxide nanofilm is also
prepared from the abiotic synthesis. The common square network of metal oxides on the rGO layer
is proposed to be a consequence of the strong surface energy of the rGO layer, rather than the weak
interaction within PdO crystal that originates from the large spacing, and is supported by a lattice
matching model between metal oxides and rGO. Our study thus indicates a novel interaction
between transition metal oxides and rGO and offers a potentially simple wet chemical method for

graphene superlattice preparation.

To prepare the biosynthesis product (S-Pd-GO), a Pd(II) source and GO were incubated with S.
oneidensis MR-1 (MR-1), followed by a hydrothermal process (Scheme 1a, details in Supporting
Information). With a lateral dimension of up to 800 nm, the S-Pd-GO layer (“S” stands for S.
oneidensis MR-1) displayed a film morphology analogous to that of GO and rGO (Figure 1a). The
fast Fourier transform (FFT) of transmission electron microscopy (TEM) images disclosed a lattice

spacing of 0.5 nm (Figure la) which, however, matches neither that of GO nor of rGO. High-



resolution TEM (HRTEM) showed instead a square network structure of the nanofilm with a lattice
spacing of 0.5 nm and interplanar angles of 90° (Figure 1b and c), further confirming that the
network is neither GO nor rGO. A large number of nanoparticles with higher contrast on the
nanofilm can be also observed (Figure 1b). The network structure (dark background) and
nanoparticles (bright spots) exhibited distinctive contrasts in scanning TEM (STEM) (Figure 1d).
In previous work, MR-1 cells were wrapped by rGO decorated by PdAu alloy nanoparticles when
Pd(II) and Au(IIl) were reduced by MR-1 and treated by a hydrothermal process.!* In the present
work, MR-1 cells were completely enveloped by the square network (Figure S2), rather than by

rGO. It can therefore be suggested that the rGO is completely covered by the square network.

a MR-1
Na,[PdCl,] 1 — S-Pd-GO
Centrifuged, e mmm.
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b KJ[Fe(CN)g]

Ar Na,[PdCl] Ar—— Fe-Pd-GO

—
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Scheme 1. Synthesis routes of the rGO-based nanofilm. (a) Biosynthesis of nanofilm S-Pd-GO
with S. oneidensis MR-1 (MR-1), Na,[PdCl,], and graphene oxide (GO). Unless otherwise stated,

S-Pd-GO and other sample designations refer specifically to the rGO-based film structures. (b)



Bioinspired analogous abiotic synthesis of nanofilm Fe-Pd-GO (“Fe” for [Fe(CN)s]*) with

K4[Fe(CN)s], Na,[PdCl,], and GO. RT: room temperature.

Figure 1. Morphology and elemental composition of S-Pd-GO. (a) TEM of S-Pd-GO with lateral
dimensions up to 800 nm. Inset: FFT of the green square area. A large-size TEM image is shown
in Figure S1. (b) HRTEM of the yellow square area in (a). (c) Enlarged view of the red square area
in (b) showing a lattice spacing of 0.5 nm and interplanar angles of 90°. (d) High-resolution STEM
image showing homogeneous distribution of nanoparticles on the nanofilm. Inset white box:
Atomic ratio (O:Pd) of nanoparticle and nanofilm characterized by STEM-equipped EDS point

analysis.

The elemental compositions of nanoparticles and nanofilm were characterized by energy-

dispersive X-ray spectroscopy (EDS) in STEM mode. Only palladium and oxygen signals were



detected on both nanoparticles and nanofilm, with an atomic ratio of oxygen to palladium of 1.4
and 1.8, respectively (inset of Figure 1d). It is obvious that the nanofilm contains more oxygen
than the nanoparticles alone. The EDS data show that the nanofilm is most likely palladium(II)
oxide considering the contribution from adsorbed oxygen on the sample and residual oxygen in
the TEM column. Two phases of palladium oxide (PdO and Pd,O) have been reported,?*-3! but
more data are yet required to validate Pd,O. We therefore attribute the square network to PdO. It
is well-known that MR-1 can reduce Pd(II) and produce Pd nanoparticles (PdNPs),!*: 183233 the
HRTEM structure of which matches Pd(0) (Figure S3).3* Hence the nanoparticles are concluded
to be PANPs. Another possible source of PANPs found in the TEM images can be the reduction of
the PdO square network triggered by the TEM electron beam. Of note, the square network and
nanoparticles were not in the same plane, as confirmed by TEM images recorded at different focus
values (Figure S4).

Control experiments were carried out to further investigate the square network formation. The
hydrothermal process is essential for the formation of the square network, as evidenced by the
TEM of S+Pd+GO (the precursor of S-Pd-GO prior to the hydrothermal process), which only
shows GO film coated with a few PANPs (Figure S5). To study the role of MR-1, synthesis without
MR-1 cells was attempted (Scheme Sla). This product (Pd-GO) was a random mixture of rGO
and PdNPs, showing no square network structure (Figure S6a). The reduction of Pd(II) to PANPs
(with MR-1 absent) and GO to rGO therefore takes place during the hydrothermal process,

although no reducing chemical agent was introduced. However, the hydrothermal Pd(II) reduction



here did not lead to the square network formation. Both Pd(II) reduction by MR-1 in the presence
of GO and the hydrothermal process are therefore essential for generating the square network.

It is known that MR-1 reduces Pd(II) to Pd(0) in the periplasm, where the PANPs are thus
formed.*>3536 There are two fractions of Pd species before GO is added in the synthesis of S-Pd-
GO: one is associated with MR-1 cells, the other one is in the bulk solution. To ascertain their
separate roles in the square network formation, the two Pd fractions were separated by
centrifugation into supernatant and pellet before GO addition, resulting in S-Pd_CS-GO and S-
Pd_CP-GO respectively (Scheme Slb, “CS” and “CP” for centrifugation supernatant and
centrifugation pellet, respectively). No square network formed, and only rGO with a homogeneous
coating of PANPs was observed for both S-Pd_CS-GO and S-Pd_CP-GO (Figure S6b and c). This
suggests that both Pd species are essential in the formation of the square network. These control
experiments also prove that PANPs on GO themselves will not generate the square network.

A formation mechanism for the square network in S-Pd-GO is proposed (Figure S7). Pd(II) is
taken up by MR-1 and reduced to Pd(0) in the periplasm. The initial Pd(0) is in the form of either
dissolved Pd(0) atoms, small Pd(0) nanoclusters, or larger PANPs (Figure S7a and b). During the
hydrothermal process, the unbound Pd(0) atoms are released from the periplasm and oxidized by
GO, followed by PdO deposition growing along preferred orientation and forming the square
network on rGO (Figure S7c). The presence of dissolved Pd(0) atoms (or Pd(0) nanoclusters) is
the key to the network formation. Proper experimental conditions, e.g., a mild temperature, are

thus essential to prevent further evolution of the dissolved Pd(0) atoms to PANPs before the



hydrothermal process. The dissolved state of Pd(0) atoms or clusters is evidenced by the
extracellular presence of PANPs from Pd(Il) reduction by MR-1 in the periplasm at ambient
temperature.’> 37 The Pd(0) membrane permeability was accelerated in the hydrothermal process.
The presence of Pd(Il) in the bulk media two hours after GO addition is important to ensure
continuous Pd(IT) reduction to Pd(0).

To validate the proposed mechanism and simplify the synthesis, an abiotic synthesis, in which
MR-1 was replaced by the reducing reagent K4[Fe(CN)s] was designed. This product is labeled
Fe-Pd-GO (Scheme 1b). As displayed in Figure 2a to e, the morphology of Fe-Pd-GO regarding
lattice spacing and interplanar angles is the same as that of S-Pd-GO, except that fewer PANPs
were found on the nanofilm. With the product not being associated with MR-1 cells, the thickness
of Fe-Pd-GO and GO was measured to be 4.6 nm (Figure 2f) and 1 nm (Figure S10), respectively,
by atomic force microscopy (AFM). The nanofilm seems to consist of a layer of rGO with 1.8 nm
of square network on both sides. Note that the Fe-Pd-GO surface is very smooth as indicated by
AFM (Figure 2f), with few particles in TEM and STEM images (Figure 2a-e). This could suggest
that the electron beam of the TEM and STEM induces partial reduction of pristine S-Pd-GO and
Fe-Pd-GO forming PANPs. This is supported by a control experiment showing that PANPs develop

to a larger size with the TEM irradiation time (Figure S11).
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Figure 2. Morphology of Fe-Pd-GO. (a) TEM, (b) enlarged view of the red square area in (a), (c)
HRTEM, (d) enlarged view of the red square area in (c), () high-resolution STEM, and (f) AFM
topography image and typical height-profile along the cyan line. Large-size TEM images are

shown in Figure S8 and Figure S9.

The composition and structure of S-Pd-GO and Fe-Pd-GO were further studied. As expected,
only Pd(0) peaks were found in the Pd 3d spectrum using X-ray photoelectron spectroscopy (XPS)
on S+Pd+GO, while both Pd(0) and PdO peaks appeared on S-Pd-GO and Fe-Pd-GO (Figure 3a-

¢). This further supports that the square network is PdO and not Pd,O. In S-Pd-GO, 31.3% of Pd
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is in the Pd(0) state, but only 7.1% in Fe-Pd-GO. This is likely due to the stronger reducing ability
of MR-1 over K4[Fe(CN)]. Of note, X-ray exposure can reduce PdO to Pd(0), which explains the
presence of Pd(0) in the XPS of Fe-Pd-GO. X-ray diffraction (XRD) patterns of S-Pd-GO and Fe-
Pd-GO are also similar with dominant 20 peaks of 17.7°, 26.1°, 35.9°, and 40.3° (Figure 3d). To
the best of our knowledge, no existing XRD pattern in the library matches the PdO pattern from
the present work, suggesting that a new structure has been produced. S+Pd+GO and Fe+Pd+GO
showed two 20 peaks at 11.1° and 42.3° belonging to GO (Figure S12), again highlighting that the
nanofilm formed during the hydrothermal process. Selected area electron diffraction (SAED) of
the nanofilm displayed a single crystal pattern (Figure 3e), according with the SAED and HRTEM

results (Figure 1 and Figure 2).
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Figure 3. Composition and proposed structure of the nanofilm. High-resolution Pd 3d XPS of (a)

S+Pd+GO, the precursor of S-Pd-GO before the hydrothermal process, (b) S-Pd-GO, and (c) Fe-

Pd-GO. (d) XRD of S-Pd-GO and Fe-Pd-GO. The vertical grey lines indicate the peak position

from the XRD simulation in (g). (¢) SAED of the nanofilm. (f) Proposed structure of PdO square

network in [001] projection with @ = b = 1 nm (solid line) or a = b = g nm (dashed line).

Simulated (g) XRD and (h) SAED from the structure in (f). Only XRD and SAED patterns from
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hkO are presented due to the nature of the thin nanofilm. (i) One of several proposed unit cells of

PdO with face-centered cubic structure (a = b =c =1 nm).

A crystal structure of the PdO square network is proposed (Figure 3f). The distance between
adjacent palladium and oxygen atoms on the same plane perpendicular to the ¢ axis is 0.5 nm, with
a=pB=y=90°and a =b =1 nm (solid line) or \/2—5 nm (dashed line). The peak positions from
the XRD simulation accord well with the observation considering the peak dominance at 20 of
26.1° from rGO (Figure 3d and g). The simulated SAED pattern perfectly matches the
experimental results (Figure 3e and h). Due to the thin 2D nature (4.6 nm) and alignment
perpendicular to the electron beam, the information on the ¢ axis (e.g., patterns other than hk0) is
inconclusive. PdO can thus either be face-centered cubic (@ = b = ¢ = 1 nm, Figure 3i) or body-
centered tetragonal (a =b = g nm). Although misfit of palladium crystals on graphene has been
reported,? to the best of our knowledge there is no reported structure of palladium or palladium
compounds when palladium is decorated on graphene. Six different space groups of palladium
oxides have been reported: Fm3m, 14/mmm, P4,/mmc, P4,/mnm, Pm3n, and Pn3mS 3!:3%4 The
proposed structure belongs to Fm3m (face-centered cubic) or I4/mmm (body-centered tetragonal),
but the lattice spacing does not match the reported palladium oxides. The proposed structure is
thus completely new for PdO.

The abiotic synthesis of the nanofilm can be extended to the synthesis of the same square

network Fe-M-GO from other metals (M). As a demonstration, Fe-Ag-GO was synthesized when
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Na,[PdCl,] was replaced by AgNO;. Surprisingly, Fe-Ag-GO, supposed to be a silver oxide (e.g.,
Ag,0-Ag,05), showed lattice spacing and interplanar angle (Figure 4a and b) identical to those in
S-Pd-GO and Fe-Pd-GO. This type of silver oxide has not been reported before, and the data
suggest that potentially a whole new class of metal oxide phase on rGO has been unveiled. GO
can regulate crystal lattice after being decorated by nanoparticles.! In the present study, the Pd(II)
ions and oxygen ions are possibly in the four positions of the rGO layer (Figure 4c), forming a
square network that perfectly matches the PdO structure. The square network is possibly regulated
by the dominant surface energy of rGO and not by the weak interaction between ions within PdO
due to the large distance (minimum of 0.5 nm at the same layer, Figure 3f). Other metals can
therefore also form the square network. Further investigations are in progress to detail the structure

of Fe-Ag-GO and prepare a series of new square networks of other metal oxides.

497 A 497 A

Iib
c a oOxygen OMetaI ion <:>rGO
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Figure 4. Morphology of Fe-Ag-GO and proposed model of lattice-matching between metal
oxides and rGO. (a) TEM of Fe-Ag-GO. Inset: FFT of the yellow square area in (a). (b) HRTEM
of the red square area in (a). (c) Metal ions and oxygen are in four positions (P1 — P4) of the rGO

lattice. The blue box indicates a repeating unit.

In summary, we have reported a novel square network nanofilm of PdO on rGO from a microbial
biosynthesis by S. oneidensis MR-1 combined with a hydrothermal process. The biogenic nanofilm
originates from the interaction between GO and dissolved Pd(0) atoms (or atomic clusters) released
from the periplasm of MR-1 cells during the hydrothermal process. An analogous bioinspired,
abiotic synthesis produced the same structure and confirmed the essential role of dissolved Pd(0).
A new crystal structure of the PdO phase was proposed, and an isomorphous nanofilm is obtained
when Na,[PdCl,] was replaced by AgNO; in the abiotic synthesis.

Graphene has been used in a wide range of sophisticated applications in electronics, energy
storage, biomedicine, and photovoltaics.***> Our present study shows that rGO can be combined
with transition metal oxides into two-dimensional metal oxide/graphene composites. Superlattices
of metal oxides on rGO can thus be produced using simple wet chemical synthesis. With the
tremendous variety of transition metal electronic, catalytic, and other properties, the new graphene-
based composites materials might therefore offer entirely novel perspectives for even more
sophisticated electronic and other applications. The novel properties of the hybrids as well as their

applications are currently being investigated and will be communicated in future reports.
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