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% Check for updates Amass production route to single-atom catalysts (SACs) is crucial for their

end use application. To date, the direct fabrication of SACs viaa simple

and economic manufacturing route remains a challenge, with current
approachesrelying on convoluted processes using expensive components.
Here, a straightforward and cost-effective three-dimensional (3D) printing
approachis developedto fabricate alibrary of SACs. Despite changing
synthetic parameters, including centre transition metal atom, metal
loading, coordination environment and spatial geometry, the products
show similar atomic dispersion nature of single metal sites, demonstrating
the generality of the approach. The 3D-printed SACs exhibited excellent
activity and stability in the nitrate reduction reaction. It is expected that this
3D-printing technique can be used as amethod for large-scale commercial
production of SACs, thus enabling the use of these materialsin a broad
spectrum of industrial applications.

Single-atom catalysts (SACs) are materials with isolated metal atoms
asactivesites, anchored by surrounding coordination species of solid
supports’*. Advantagesinclude high atom economy and tunable coor-
dination properties, giving potential for numerous applications’™’.
Developing universal synthesis approaches to achieve scale produc-
tion of SACs is a prerequisite for successful implementation of these
catalysts in practical applications’. A simple and economic general
synthesis approach for scale production of SACs is vital for downstream
commercialization'*".

Currently, the chemical synthesis strategies of SACs can be
divided into two major categories: ‘top-down’ and ‘bottom-up’
strategies™'* . A typical ‘top-down’ strategy includes the initial
creation of defects on substrates and the subsequent anchoring of
metal atoms to surface vacancies™"”2*. The ‘bottom-up’ strategy
begins with the preparation of host materials, such as microporous
crystalline frameworks or synthetic polymers. Afterwards, SACs can

be achieved through the confinement of molecular complexes
in hosts and subsequent post-integration process to remove the
ligands of metal complexes'"”*?%, However, both synthetic strate-
giesrequire complex wet-chemistry processes, for example the com-
plex defect-construction process or the sophisticated host-material
preparation process, hindering scale production of SACs'***. In
addition, the presence of elaborate substrates and costly precursors
(forexample, complicated ligands or expensive artificial polymers)
notably increases the overall cost of manufacturing SACs'*. Apart
from chemical synthesis strategies, the pathways of mechanochemi-
cal abrasion, thermal shockwave and laser irradiation can serve
as versatile approaches to synthesize SACs**"*. But customized
settings or specific equipment can be required for applying these
approaches®. Therefore, a straightforward and cost-effective uni-
versal synthesis approach for scale production of SACs is desired
but remains challenging™'*".
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Recently, three-dimensional (3D) printing techniques have been
developed as unique manufacturing routes for mass production of
targeted products. The use of 3D-printing hasbeen considered asimple
approachasit candirectly fabricate target materials and avoid complex
wet-chemistry processes*®*., In contrast to conventional subtractive
manufacturing process, 3D-printing techniques work more economi-
cally by effectively eliminating the generation of waste materials during
the manufacturing process*®*2 Introduction of cheaper 3D-printing
machines and an increasing number of commercially available print-
able materials offer easily accessible opportunities to substantially
reduce the overall cost of final products*’**. Additionally, 3D-printing
canautomatically and efficiently construct materials with customized
geometric designs from millimetres to beyond metre scale, paving
a pathway for industrial-scale production**"*. However, despite the
popularity of 3D-printing techniques, mainly in the biomedical field,
itsapplication in SAC production remains elusive.

Herein, we report a universal 3D-printing synthesis approach to
directly construct a library of SACs. By mixing the printing ink with
transition metal precursors, a straightforward 3D-printing approach
was developed to synthesize various SACs. Minimal alteration of
the atomic dispersion was seen with synthetic variations on centre
atoms, loadings of the centre atoms, coordination environments and
spatial geometries, demonstrating the universality of this approach.
The employment of natural polymers, including gelatin and gelatin
methacryloyl (GelMA), as printing ink offers an accessible and afford-
able route®>*. Furthermore, the automatic and direct fabrication of
centimetre-size SAC precursors avoids complicated wet-chemistry
processes. These two merits of reduced costs and added convenience
identifyits great potential for mass production of SACs. In addition, as
aproof-of-concept, the performance of 3D-printed SACs was evaluated
byanitratereductionreaction, showcasing their potential application
aselectrocatalysts.

Results and discussion

Synthesis and structural characterization of Fe3DSAC

As shown in Fig. 1a, several steps are involved in the 3D-printing
approach. Initially, the hydrogel containing gelatin and GeIMA was
mixed with the corresponding transition metal precursors to formu-
late the printing ink. The 3D structure was directly and automatically
constructed by the 3D-printing technique (a typical printing process
is shown in the Supplementary Video 1). Afterwards, the as-printed
sample wasfreeze-dried to remove residual water. Then, the 3D-printed
SACs were achieved through the pyrolysis process of as-dried samples
to anchor metal single atoms onto the gelatin/GelMA-derived carbon.
Tofurther elucidate the fabrication process, we take the synthesis of Fe
3D-printed SAC with a precursor hole size of 1.0 mm (denoted as Fe3D-
SAC or Fe3DSAC1.0 mm) as an example. In this process, Fe(acac), was
employed as the Fe single-atom precursor. As shownin Fig. 1b, the 3D
centimetre-size precursor was constructed via 3D-printing technique.
Typical scanning electron microscopy (SEM) and the corresponding
energy dispersive X-ray (EDX) images of the typical as-pyrolysis product
with hole size of 2.0 mm, shown in Fig. 1c and Supplementary Fig. 1,
prove that the pristine structure from the 3D-printing technique was
maintained after the pyrolysis process. The related thermogravimetric
analysis result (Supplementary Fig.2) shows that most of the mass loss
happened between 300 and 400 °C. Additionally, EDX images indicate
the homogenous distribution of carbon, nitrogen and iron in the as-
prepared Fe3DSAC (ref.?). Asacomparison, an analogue pure carbon
sample was prepared with the same procedure without the presence of
Fe(acac);and named as 3DCarbon. The X-ray diffraction (XRD) results of
Fe3DSAC and 3DCarbon (Supplementary Fig. 3) validate theamorphous
nature of carbon substrates and the absence of iron nanoparticles in
the as-prepared Fe3DSAC. According to the high-resolution high-angle
annular dark-field scanning transmission electron microscope (HAADF-
STEM; Fig. 1d and Supplementary Fig. 4) image, iron single atoms are

clearly observed as the dots labelled with white circles, demonstrating
the atomicisolation of ironsites*. Furthermore, in the extended X-ray
absorption fine structure (EXAFS) results shown in Fig. 1e, different
from the strong wavelet transform (WT) signal (focused at k=8.3 A,
r=2.2A) of bulk Fe metal (denoted as Fe metal ref in Fig. 1e,f), the WT
signal of Fe3DSACis focused atk=6.0 A,r=1.5 A, indicatingan absence
of Fe-Fe bonds in the Fe3DSAC sample. The similarity between WT-
EXAFS plots of Fe3DSAC and Fe(acac), verifies the dispersed atom
nature of iron sites in Fe3DSAC (refs. ***°). Alternatively, as shown in
the Fourier-transform (FT) EXAFS spectrum of the bulk Fe metal (Fig.
1f), the Fe-Fe coordination path between 2.0 and 2.5 A (shaded light
red) is absentinthe FT-EXAFS spectrum of Fe3DSAC. We conclude that
the FT-EXAFS analysis confirms the atomic dispersion of iron atoms
inFe3DSAC. The notable difference in the spectra of X-ray absorption
near edge structure (XANES) of the bulk Fe metal and Fe3DSAC, shown
inSupplementary Fig. 5, also indicates a notable difference in coordina-
tion environments between the materials®. Additionally, the FT-EXAFS
curve of Fe3DSAC exhibits more similarity to Fe(acac), and Fe,O; than
iron foil, verifying the absence of iron clusters and iron nanoparticles
inthe Fe3DSAC sample. With regards toits coordination environment,
the Fe L-edge and O K-edge results (Supplementary Fig. 6) suggest that
the coordination environment of Fe3DSAC is more closely linked to
the oneforFe(acac),as opposedto that of FePc. Thisindicates that the
bonding between Fe and the carbon-based substrate could be Fe-O.

Furthermore, the local coordination configuration of Fe3DSAC
was further investigated by quantitative least-squares EXAFS curve-fit-
ting analyses. Specifically, the major peak of Fe(acac),locates at 1.52 A
while the one of Fe3DSAC shifts to 1.76 A, indicating some alterations
occur at the coordination environment of Fe3DSAC. FT-EXAFSfitting
results suggest the shift of Fe-X peaks (shaded by light blue in Fig. 1f)
dueto the introduction of chloride in the post-treatment process. As
showninFig.1g, Supplementary Fig.7and Supplementary Table 2, the
best-fit results for Fe3DSAC consist of two backscattering paths: Fe-O
and Fe-Cl. The coordination numbers of oxygen and chloride are esti-
mated tobe4 and1, respectively. Additionally, the X-ray photoelectron
spectroscopy (XPS) results also confirm the existence of Fe-O and
Fe-Clbonds for Fe3DSAC (Supplementary Fig. 8). Taken together, the
fitting results confirmaFe-0,-Clmoiety for the Fe3DSAC sample. This
proposed coordination configuration of Fe-O,-Clisillustrated by the
scheme shownin theinset of Fig. 1g.

Universality on central elements

We extended the synthesis approach to other representative transition
metals to confirm the universality of central atoms of this approach. By
simply replacing Fe(acac), with other metal acetylacetonates, for exam-
ple, Co(acac),, Ni(acac),, Cu(acac),, Zn(acac), and Pt(acac),, many SACs
(denoted as CoSAC, NiSAC, CuSAC, ZnSAC and PtSAC, respectively)
were obtained using similar procedures. In the HAADF-STEM image
of PtSAC (Fig. 2a), the atomically dispersed nature of Pt single-atom
sites can be confirmed. Furthermore, the homogenous dispersion of
platinum, nitrogen and carbon in the transmission electron micros-
copy (TEM) EDX elemental mapping results (Supplementary Fig. 9)
confirm the absences of obvious platinum metallic particles in PtSAC.
Inthe corresponding WT-EXAFS contour plots (Fig. 2b), the absence of
WT-EXAFSsignal atr>2.0 Aindicates the atomic dispersion nature of
platinum sites in the as-prepared SACs***°. The absence of Pt clusters
and nanoparticlesinthe PtSACis also supported by the absence of the
Pt-Ptpathbetween 2.5and 3.0 Ainthe FT-EXAFS (Supplementary Fig.
10a) and the notable differences in XANES spectra (Supplementary Fig.
10b) between PtSAC and the platinum metallic reference (denoted as
Pt metal ref). The absence of metal-metal paths between2.0 and 2.5 A
(FT-EXAFS) as shown in Fig. 2c and Supplementary Fig. 11 for CuSAC,
NiSAC, CoSAC and ZnSAC indicates the successful preparation of SACs
of corresponding transition metals. Additionally, the fitting results con-
firmthe M-0O, moieties for these SAC samples (Supplementary Fig.12).
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Fig.1| The synthesis procedure. a, Synthesis procedure for 3D-printed SACs. b,
Digital photographs of the as-prepared precursor. Scale bar,1cm. ¢, SEM image
of Fe3DSAC with the precursor hole size of 2.0 mm. Scale bar,1 mm. d, HAADF-
STEMimage of isolated iron sites (circled in white). Scale bar,2 nm. e, WT-EXAFS
contour plots for the Fe3DSAC and reference samples. f,g, Normalized FT-EXAFS
spectra (f) and Fe K-edge EXAFS fitting analyses (g) for Fe3DSACin R Space. The

Radial distance (A)

Radial distance (A)

blue coloured strip in (f) indicates the bonds between iron atom and non-metal
elements; the red coloured strip indicates the Fe-Fe bonds. The inset in (g) shows
the structure of a Fe-0,-Cllocal coordination derived from the EXAFS result,
where the gold, red and cyan-coloured spheres represent Fe, O and Cl atoms,
respectively.

Furthermore, the homogenous dispersion of metal, nitrogen and car-
bonin the atomic-resolution HAADF-STEM images (Supplementary
Figs.13and 14) and TEM EDX elemental mapping results (Supplemen-
tary Figs.15-18) confirm the absences of obvious metallic particlesin
as-prepared SACs. Additionally, as shownin Supplementary Fig.19, the
absences of any crystalline peak in the XRD patterns of as-prepared
samples offer further evidence for the successful preparation of SACs.

Furthermore, asshownin Supplementary Figs.20-23, thisapproach can
also be extended toward synthesizing IrSAC and MnSAC. Therefore, the
synthesis approach developed from this study is universal to prepare
SACs with different transition metals as centre atoms.

To confirm the universality of this approach, we further adapted
the synthesis approach to other common parameters, for example,
metal loadings, coordination environments and spatial geometries.
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Fig. 2| Universality of elements and metal loadings. a, Atomic-resolution
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b, WT-EXAFS contour plots for the PtSAC and reference samples (FT-EXAFS
spectrum PtSAC, see Supplementary Fig.10). c, Normalized FT-EXAFS spectra
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inthe figure). d, Metal loadings achieved in corresponding Co and Ni samples.

e, Atomic-resolution HAADF-STEM image of NiSAC 1 mg ml™. Scale bar,2 nm. f,
Normalized FT-EXAFS spectra of Ni samples with different metal loadings and
reference samples. The blue coloured strip in (f) indicates the bonds between
nickel atom and non-metal elements; the red coloured strip indicates the nickel-
nickel bonds.

Universality on metalloadings

Different concentrations of corresponding metal (Co and Ni) acety-
lacetonates in the printing ink (1and 10 mg ml™) were applied to eval-
uate its universality on metal loadings. Inductively coupled plasma
results (Fig. 2d) reveal the loadings of Ni-related samples with various
Ni(acac), concentrations (denoted as NiSAC1 mg ml” or NiSAC above
and NiSAC 10 mg ml™) are 4.3% and 20.8%, respectively. The loadings
of corresponding CoSACs (denoted as CoSAC 1 mg ml™ or CoSAC
above and CoSAC 10 mg ml™) were 3.9% and 16.2%, respectively. In
the corresponding HAADF-STEM image (Fig. 2e), asindicated by white
cycles, the atomic dispersion nature of nickel atoms can be confirmed.
Furthermore, the absence of the Ni-Ni path between 2.0 and 2.5A in
FT-EXAFS (Fig. 2fand Supplementary Fig. 24a) and the absence of WT-
EXAFSsignalatr>2.0 Ain WT-EXAFS (Supplementary Fig. 25) demon-
strate the atomic dispersion nature of Ni atoms in the corresponding
samples. A similar conclusion can be drawn for the Co samples based
on the corresponding FT-EXAFS and WT-EXAFS results (Supplemen-
tary Figs. 26 and 24b). Additionally, as shown in Supplementary Fig.
27, the comparable XANES curves of samples with different loadings
indicate that theimpact of various metal loadings on the coordination
environments is negligible. To further demonstrate the capability of
regulating transition metal loadings, we employed various printing inks

with different concentrations of Fe(acac), to synthesize FeSACs with
differentloadings. The EXAFS characterizations (Supplementary Fig.
28) verify the dispersed atomic nature of iron sites in the as-prepared
samples with different concentrations. Theinductively coupled plasma
results suggest that theiron contentsin the corresponding samples are
7.0% and 12.1%, respectively. Combined with the results of Co and Ni
samples, the capability to regulate the metal loadings is demonstrated.

Universality on coordination environments

Asone ofthe mostimportant features of SACsiis their tunable coordina-
tion environments, various approaches have been applied to change
coordination environments of as-prepared SACs in this study. First,
different transition metal (Zn and Cu) phthalocyanine (ZnPc and CuPc)
saltswere applied to further verify the alteration on coordination envi-
ronments due to the adjustment of transition metal precursors. HAADF-
STEM images, shown in Fig. 3a,b, demonstrate the atomic dispersion
nature of zinc atoms in the as-prepared samples (the one with ZnPc is
denoted as ZnSAC PC while the one with Zn(acac), is denoted as ZnSAC
AC or ZnSAC above) derived from different zinc precursors. Further-
more, as shown in Supplementary Fig. 29, the absences of the Zn-Zn
path between 2.0 and 2.5 A and WT-EXAFS signal at r> 2.0 A indicates
mono-atomic dispersion of Zn atoms in the corresponding samples.
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untreated samples (NiSACs and CoSACs). f, Scheme showing the capability of
tuning central atoms and coordination environments of this approach. g, SEM
image of Fe3DSAC with the precursor hole size of 1.5 mm. Scale bar, 0.5 mm. h,
Normalized FT-EXAFS spectra and fitting results of Fe samples from different
geometries and reference sample.

A similar conclusion can be reached for the Cu samples based on the
corresponding FT-EXAFS and WT-EXAFS results (Supplementary Fig.
30). These results demonstrate the capability of applying different
precursors to prepare SACs by this approach.

Additionally, as shown in Fig. 3c and Supplementary Table 2, the
FT-EXAFS curve of ZnSAC AC shows up with a major peak located at
1.57 A. As a comparison, the main peak of ZnSAC PC locates at 1.53 A.
This difference on peak locations can be attributed to the difference
between Zn-0 bonds and Zn-N bonds. Furthermore, the best FT-
EXAFS fitting results of ZnSAC AC suggest that it consists of one major
backscattering path: Zn-0, while the coordination number of oxygenis
estimated to be 4. Therefore, these results confirmaZn-0, moiety for
ZnSACAC. Asregards ZnSAC PC, the fitting results suggest it consists
of Zn-N coordination configuration with acoordination number of 4,
indicatingaZn-N, moiety. Consequently, the capability of employing
different precursors might bring the capability to modify the coordina-
tion environments® >,

Tofurther evaluate the universality of our approach, several widely
used natural polymersin3D-printing were employed to synthesize the
SACs containing iron. In the EXAFS results (Supplementary Fig. 31) of
as-prepared samples, the Fe-Fe coordination path between 2.0 and
2.5 A(shaded light red) is absent, verifying the absence of iron clusters
andironnanoparticlesinthe as-prepared samples derived from these
natural polymers as scaffold basements.

In addition to modification of precursors, post-treatment could
be another effective approach to directly alter the coordination
environments®*. Soaking in hydrochloride acid was selected as a
typical post-treatment process to evaluate the capability to modify
coordination environments through post-treatment process. Spe-
cifically, as shown in the FT-EXAFS results (Fig. 3d and Supplemen-
tary Table 2), the main bonding peak of untreated Fe3DSAC sample

locates at1.45 A. Furthermore, the FT-EXAFS fitting results indicate
that the untreated sample has amoiety of Fe-0,. As opposed to that
of the untreated sample, as shown in Fig. 1g and 3d, the main FT-
EXAFS peak of treated Fe3DSAC shifted to1.76 A, compared with the
main bonding peak of untreated Fe3DSAC sample located at 1.45 A.
This demonstrates that the treated Fe3DSAC possesses a moiety of
Fe-0,-Cl. The successful alteration of Fe-O, moiety to Fe-0,-Cl
moiety validates that the post-treatment approach to change coor-
dination environments remains effective in 3D-printed SACs** . To
further evaluate the universality of post-treatments on modifications
of as-prepared samples, samples with different central transition
metal atoms (Co, Ni, Mn) were prepared following a similar post-
treatment process stated above. As shownin Supplementary Fig. 32,
all as-prepared samples exhibit broader peaks located between 1.5
and 2.0 A. Considering that the corresponding metal-metal paths
of these three elements locate at above 2.0 A, the FT-EXAFS results
demonstrate the absence of metal nanoparticles and clusters in
these samples. Furthermore, as shown in Fig. 2c, the main peaks of
untreated samples are located between 1.4 Aand 1.5 A. A peak closed

t02.0 Ashows upineach treated sample, which can be attributed to
the metal-chloride bonds**~°. As shownin Fig. 3e, the additional WT
signalsfocused ataround k= 8.0 A,r=2.0 A also reveal the existences
of metal-chloride bonds in treated NiSAC and treated CoSAC. The
above results of changing the coordination environments of iron,

nickel and cobalt single-atom sites suggest that the coordination

configurations of 3D-printed samples can be easily tuned through

changing the precursor or employing post-treatment procedure,

demonstrating the highly universal nature of our approach. As sug-

gested by the results, gelatin/GelMA can be employed to prepare a

library of SACs with various central-atom and different coordination

environments, as shown in the scheme (Fig. 3f).
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Fig. 4 |Electrocatalytic performance of 3D-printed SACs for nitrate reduction
reaction. a, Comparison between the NH, yield of Fe3DSAC and 3DCarbon at
-0.6 Vversus RHE. b, NH, yield at varying potentials in 0.10 M KOH with addition
of 10 mM NO;". ¢, Free energy diagram showing the minimum energy pathway

of ironsingle-atom site (enlarged optimized configurations can be foundin
Supplementary Table1).d, Stability tests for Fe3DSAC at -0.5 V versus RHE in

Radial distance (A)

0.10 MKOH with 0.10 MNO;". e, Ex situ normalized FT-EXAFS spectra and fitting
results of reacted Fe3DSAC, pristine Fe3DSAC and Fe metal reference. The insets
in (c,e) show (c) optimized configurations of reaction intermediates and (e) the
structure of a Fe-0,-Cllocal coordination derived from the EXAFS result. Colour
code: gold, iron; red, oxygen; cyan, chlorine; blue, nitrogen; white, hydrogen;
grey, carbon.

Universality on spatial geometries

One advantage to the 3D-printing approach is the capability to tune the
geometries. Asshownin Supplementary Fig. 33, the hole sizes of precur-
sors were rationally customized between1.0 mm, 1.5 mmand 2.0 mm.
As shown in Figs. 1c, 3g and Supplementary Fig. 34, the 3D-printed
structures remained after the calcination, demonstrating the capa-
bility to maintain the microstructure from the 3D-printing technique
even after the high-temperature processing. Additionally, as shown

in Supplementary Fig. 35, different patterns of 3D-printed electrode
can also be achieved by changing the printing parameters, showcas-
ing the capability to tune the spatial geometry of SACs. Inaddition, as
shownin Supplementary Fig. 36, the size of the printing precursor was
expandedto4 x 2 cm.Itis expected the size could be furtherincreased
using acommercial-scale 3D-printer. Taken together, the 3D-printing
technique offers another unique capability toinfinitely extend the size
of the as-prepared sample. Afterwards, the atomic dispersion nature
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ofiironsitesin3D-printed SACs were demonstrated by FT-EXAFS (Fig.
3h) and WT-EXAFS (Supplementary Fig. 37) analysis. The fitting results
suggest amoiety of Fe-0,-Clfor all the as-prepared samples. It demon-
strates that different settings on 3D-printing make ignorable alterations
onthesingle-atom dispersion nature and coordination environments
to the 3D-printed samples.

Performance evaluation of 3D-printed SACs

As a proof-of-concept, to evaluate the potential of the as-obtained
SACs, Fe3DSAC was employed as an electrocatalyst for nitrate reduc-
tion reaction (eNO,RR) as iron single-atom exhibited superior perfor-
mance in such a reaction*®*”**, The eNO,RR performance of Fe3DSAC
was evaluated in an Ar-saturated 0.10 M KOH aqueous solution with
10 MM NOj;". The detailed electrochemical cell configuration is shown
inSupplementary Fig. 38. The as-prepared Fe3DSAC exhibited a notably
increased ammonia production, compared with 3DCarbon. Specifi-
cally, as quantified by UV-Vis measurements (Fig. 4aand Supplementary
Fig.39), the yield of ammonia of Fe3DSAC at -0.6 V versus reversible
hydrogen electrode (RHE) was ~4.55 pmol cm™ h™ which was about 7.5
times the 0.61 pmol cmh™ from 3DCarbon. Furthermore, asshownin
Fig. 4b and Supplementary Figs. 40 and 41, Fe3DSAC exhibited higher
yields of ammonia than3DCarbon at all the potentials, indicating good
function of the 3D-printed SACs. Additionally, the electrocatalytic per-
formance can be further tuned by changing the central elements and
spatial geometries of 3D-printed SACs (Supplementary Fig.42). Based on
the previous fitting results of FT-EXAFS, we constructed models of iron
single-atomsite (denoted as FeSAC) withamoiety of Fe-0,-Clto discuss
the underlying mechanism of as-prepared single-iron-atom catalyst.
The density functional theory (DFT) calculations, shown in Fig. 4c and
Supplementary Fig. 43, reveal that the most likely path is the one with
the protonation of *NO to *NHO, followed by the formation of *NHOH
and *NH key reactionintermediates. It also suggests that,among all the
elementary steps, the potential limiting step on FeSAC is the protonation
of *NO to *NHO/*NOH, at which the formation of *NHO exhibited more
favourable thermodynamics. Eventually, electrocatalytic stability was
evaluated by replacing the electrolytes every hour for eight cycles. As
shown in Fig. 4d, no meaningful change to ammonia production and
negligible variationin the current density was observed during long-term
electrolysis, further demonstrating the stability of as-prepared Fe3DSAC.
The ex situ XANES results and the fitting results of FT-EXAFS test (Fig.
4e,Supplementary Fig.44 and Supplementary Table 2) confirmthat the
Fe-0,-Clmoiety of Fe3DSAC was maintained after eNO,RR, indicating
the stability of single-atom sites in such a 3D-printing structure.

Conclusions

Taken together, compared with previous reported general synthe-
sis approaches for SACs, the 3D-printing approach with GelMA and
gelatin described herein to produce SACs is straightforward, afford-
able and effective for mass production. A highly universal synthesis
approach was developed to fabricate different SACs using various
synthesis parameters, including centre elements, metal loadings of
centre elements, coordination environments and spatial geometries,
with minimal alteration of the atomic dispersion. Furthermore, the
3D-printed SAC exhibited solid performance as an electrocatalyst for
nitrate reduction reaction, showcasing the potential of 3D-printed
SACs for downstream catalytic applications. More importantly, the
3D-printing technique not only offers capability to obtain SACs with
desired geometry for different reactions but also provides a promising
avenue to scale manufacture SACs, paving the way for implementing
SACstoachieve sustainable production of valuable fuels and chemicals.

Methods

Synthesis of GelMA

The synthesis of GeIMA was based on the previous study®’. Briefly, 45 g
gelatin was dissolved in 450 ml phosphate-buffered saline at 50 °C with

vigorous stirring. After the full dissolution of gelation, an additional
27 g methacrylicanhydride was added based on the total mass of gela-
tion (0.6 g methacrylic anhydride per 1.0 g gelatin). The reaction was
carried outat 50 °Cfor1h, followed by dialysis of the solution against
MilliQ water for 5 days with changing water twice per day, to remove
theunreacted monomers. After the dialysis, the solution was sterilely
lyophilized to store at =20 °C for future use.

Synthesis of Fe3DSAC and 3DCarbon

GelMA (0.4 g) and gelatin (0.2 g) were dissolved in 3.6 mlwater to form
the base printing ink with 10 wt% GelMA and 5 wt% gelatin. Fe(acac),
aqueous suspension (0.4 ml of 100 mg ml™) was mixed together with
thebase printing ink to formulate the desired printing ink (-10 mg mI™
Fe(acac),) usinga water sonicationbath at 45 °C. Before printing, 0.1 ml
of 1mM tris(2,2-bipyridyl) dichlororuthenium (II) hexahydrate and
0.1 mlof 10 mM sodium persulfate were added as photoinitiators. The
printingink of 3BDCarbon was prepared following the same procedure
without the addition of the Fe(acac),.

Three-dimensional-printed Fe3DSAC or 3DCarbon construction
was fabricated using a BioScaffolder (SYS+ENG, Germany) 3D printer.
The printing head temperature was 27 °C and the temperature for base
plate was 4 °C. The specific printing parameters were: inner diameter
of the printing head was 300 um, XY-plane speed of 550 mm min?,
Z-speed of 800 mm min™, auger speed of 3.5 rpm and fibre spacing
of1,1.50r2mmina0-90° repeating pattern. After eight layers were
3D printed, the printed samples were cross-linked under visible light
with anintensity at 30 mW cm2for 3 min, followed by lyophilization.

Afterwards, the as-prepared precursor was placedinatube furnace
and then heated to 700 °C for 2 h at a heating rate of 2 °C min™ under
argon atmosphere followed by natural cooling to room temperature.
The as-prepared products were collected for further use or treatment.

Synthesis of COSAC, NiSAC, ZnSAC, CuSAC, IrSAC, MnSAC

and PtSAC

The synthesis procedure was similar to that of Fe3DSAC but replacing
the Fe(acac), by corresponding metal acetylacetonates (Co(acac),,
Ni(acac),, Zn(acac),, Cu(acac),, Ir(acac),, Mn(acac), and Pt(acac),).
The detailed print ink preparation process is described as follows:
the base printing ink was prepared following the same procedure as
above. Specifically, 0.4 ml of aqueous suspension (10 mg ml™) of cor-
responding metal acetylacetonates were mixed together with the base
printing ink to formulate the desired printing ink (<1 mg ml™?) using a
water sonication bathat 45 °C. The subsequent preparation processes
were similar to those for Fe3DSAC but without the post-treatment.

Synthesis of NiSAC1 mg ml™, NiSAC10 mg ml™, CoSAC

1 mg ml”*and CoSAC10 mg ml™

The synthesis procedure was similar to that for the single-atom ana-
logue but with increased concentration of corresponding metal
acetylacetonates from 1 mg ml™ to 10 mg ml™. The detailed print ink
preparation process is described as follows: the base printing ink was
prepared following the same procedure as above. Specifically, 0.4 ml
of aqueous suspension (10 mg ml™) of corresponding metal (Ni and
Co)acetylacetonates were mixed together with the base printingink to
formulate the desired printing ink (-1 mg ml™) using a water sonication
bathat 45 °C for NiSAC1 mg mland CoSAC1 mg ml™. Additionally, due
to the limited solubility of metal acetylacetonates in water, 50 mg of
corresponding metal (Ni and Co) acetylacetonates were dissolved in
0.5 ml ethanol to prepare the corresponding suspension (100 mg ml™).
The as-prepared ethanol solution of corresponding metal acetylace-
tonates (0.4 ml) was mixed with the base printing ink to formulate
the desired printing ink (<10 mg ml™) using a water sonication bath
at 45 °C for NiSAC 10 mg ml ™ and CoSAC 10 mg ml™. The subsequent
preparation processes were similar to those for Fe3DSAC but without
the post-treatment.
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Synthesis of ZnSAC AC, ZnSAC PC, CuSAC ACand CuSACPC

The synthesis procedure was similar to those of the single-atom ana-
logues but with replacement of metal acetylacetonates (Cu(acac),,
Zn(acac),) by corresponding metal phthalocyanines (copper phth-
alocyanine, zinc phthalocyanine). The detailed print ink preparation
process is described as follows: the base printing ink was prepared
following the same procedure above. Specifically, 0.4 ml of aqueous
suspension (10 mg ml™) of corresponding metal (Znand Cu) acetylace-
tonates were mixed together with the base printingink to formulate the
desired printingink (<1 mg ml™) using awater sonication bath at 45 °C
for ZnSAC AC and CuSAC AC. Additionally, 0.4 ml of aqueous suspen-
sion (10 mg ml™) of corresponding metal (Zn and Cu) phthalocyanines
was mixed together with the base printing ink to formulate the desired
printing ink using a water sonication bath at 45 °C for ZnSAC PC and
CuSACPC. The subsequent preparation processes were similar to those
of Fe3DSAC but without the post-treatment.

Synthesis of FeSAC by other polymers

For gelatin, 0.75 g gelatin was dissolved in 5.0 ml water to form the
base printing ink with 15 wt% gelatin. Fe(acac); aqueous suspension
(0.5 ml of 10 mg ml™") was mixed together with the base printing ink
to formulate the desired printing ink (<1 mg ml™ Fe(acac),) using a
water sonication bath at 45 °C. Additionally, 0.1 ml of 1 mM tris(2,2-
bipyridyl) dichlororuthenium (II) hexahydrate and 0.1 ml of 10 mM
sodium persulfate were added as photo initiators. The subsequent
preparation processes were similar to those for Fe3DSAC but without
the post-treatment.

For agarose, 50 mg agarose was dissolved in 5.0 ml water using a
water bathat 75 °C.Fe(acac);aqueous suspension (0.5 mlof 10 mg ml™)
was mixed together with the base printing ink to formulate the desired
printingink (-1 mg ml™Fe(acac),) using awater sonication bath at 75 °C.
With the cool down toroom temperature, the hydrogel was achieved,
followed by lyophilization. The subsequent preparation processes were
similar to those of Fe3DSAC but without the post-treatment.

For alginate, 5.2 ml of 1 wt% sodium alginate aqueous solution
was mixed with 0.5 ml of Fe(acac); aqueous suspension (10 mg ml™).
Afterwards, 3.6 ml of 0.2 M CaCl, aqueous solution was poured into
the mixed solution of sodium alginate and Fe(acac); to formulate
the desired printing ink, followed by lyophilization. The subsequent
preparation processes are similar to those for Fe3DSAC but without
the post-treatment.

Post-treatment process for chloride coordination

After the calcination, the as-prepared products were directly soaked
in 1.0 M hydrochloric acid at 60 °C for 18 h. Following washing with
distilled water three times, the treated samples were placed inan oven
at 60 °C overnight to dry. Specifically, it is worth noting that all Fe3D-
SACsamples went through this post-treatment process expect for the
untreated one.

Materials characterization

Themorphology of the samples was characterized using FEIQuanta 450
SEMoperated at20.0 kV and FEI Titan Themis 80-200 TEM operated at
200.0 kV. The absorbance data of spectrophotometer were collected
on a SHIMADZU UV-2600 UV-Vis spectrophotometer. XRD patterns
were obtained using a Bruker D8 ADVANCE ECO X-ray diffractometer
with Cu Ka radiation.

X-ray absorption spectra were collected on the X-ray Absorption
Spectroscopy and Soft X-ray Spectroscopy beamline at Australian
Synchrotron. Allthe as-prepared SACs were granulated and measured
atroomtemperaturein fluorescence excitation mode. The correspond-
ing reference samples were mixed with cellulose and measured in a
transmission mode using standard He-filled chambers. The EXAFS raw
datawere background-subtracted, normalized and FT by standard pro-
cedures using ATHENA module implemented in the IFEFEIT software

packages®. Least-squares curves fitting analyses of the EXAFS x(k)
data was carried out using the ARTEMIS program®®. The WT of EXAFS
raw datawere conducted by asuite of software modules developed by
Marina Chukalina (IMT-RAS) and Harald Funke (IRC-FZR)***°.

For the metal loadings test, each Fe, Co and Nisample was placed
in a 50-ml autoclave with a mixed solution of 7.5 ml distilled water
and 2.5 ml of nitric acid (70%). After sealing, the autoclave was kept at
150 °Cfor 8 htodissolve the carbon. The obtained solutions were used
to determine the contents of Fe, Co and Ni by an inductively coupled
plasma mass-spectrometer (Agilent 8900x QQQ-ICP-MS).

Electrochemical measurements

Electrochemical data were collected with a CHI-760D electrochemical
workstation (CHIInstrument, Inc.). An H-type cell with three-electrode
systemwas used in the electrochemical measurement, inwhichagraph-
ite-rod (@6 mm x 65 mm) was used as counter electrode and an Ag/AgCl
(filled with saturated KCI) as areference electrode. The cathodic cham-
berwasseparated from the anodic chamber by an anion exchange mem-
brane (Fumasep FAA-3-50). For 3D-printed samples, the as-prepared
sample was fixed by a polytetrafluoroethylene (PTFE) replaceable
electrode holder with platinum sheet as the conductive substrate and
served directly as the working electrode. All experiments were carried
out at room temperature and all potentials were referenced against
RHE based on the Nernst equation (Egye = Exg/agci + 0.0592 X pH + 0.2).
The electrolyte used was 0.10 M KOH with various concentrations of
nitrate/nitrite, which was purged with ultra-high purity Ar before the
electrolysis process.

Quantification of NH; by the indophenol blue method®
Absorbance at 650 nm for each solution was collected with a UV-Vis
spectrophotometer (SHIMADZU, UV-2600). A series of standard solu-
tions with suitable NH,Cl concentration diluted with 0.10 MKOH were
prepared and tested to plot a calibration curve. The concentrations of
ammoniainthe test solutions were calculated directly from the calibra-
tion curve. Indophenol blue indicator was prepared by mixing three
reagents. Chromogenicreagent (A):5.0 gof sodiumsalicylateand5.0 g
of potassium sodium tartrate were dissolved in100 ml of 1.0 MNaOH;
oxidizing solution (B): 3.5 ml of sodium hypochlorite (available chlorine
10-15%) was added to 100 ml of deionized water; catalysing reagent (C):
0.2 g of sodium nitroferricyanide was dissolved in 20 ml of deionized
water. For UV-Vis absorbance measurement, 2.0 ml of chromogenic
reagent (A), 1.0 ml of oxidizing solution (B) and 0.2 ml of catalysing
reagent (C) were added to the vial which contained 2.0 ml of the test
solutions. After mixing and incubation for 1 h, the concentration of the
produced indophenol blue was measured using UV-Vis absorbance
spectrophotometer.

Computational details

All calculations were conducted using DFT with the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional in the VASP code®* .
The ionic cores were described by the projector-augmented wave
method. A cut-offenergy of 500 eV was used for plane wave expansion.
During geometry optimization, the force convergence on each atom
was set to be smaller than 0.02 eV A", A (4 x 4 x 1) Monkhorst-Pack
k-point was applied to sample the Brillouin zone. The DFT-D3 method
of Grimme was used in all calculations to address van der Waals interac-
tions between atoms.

Aone-layer 5 x 5graphene supercell with 15 A of vacuum space was
used to build the FeSAC model. The computational hydrogen electrode
model was employed for free energy calculations®>*. In this model, the
free energy of anelectron-proton pair at O Vversus RHE is by definition
equalto half of the free energy of gaseous hydrogen at 101,325 Pa. The
free energies of intermediates were calculated by

G = Eppr + ZPE— TS,
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where Ep¢y, ZPE, T and S were adsorption energy, zero point energy,
temperature and entropy, respectively. The adsorption energy of *NO,
was calculated with respect to solvated nitrate ions (NO;") (ref. ¢). A
1.12 eV correction was applied to compensate for the DFT-calculated
error of formation energies of HNO, (ref. ¢%).

Data availability

All datasupporting the findings of this study are available in the article
and its Supplementary information. Source data are provided with
this paper.
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