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A guest@host POM@ZIF nanocomposite—PW,;;Co@ZIF-67—has been synthesized using an in situ strat-
egy. This new nanocomposite exhibits (i) individually ZIF-67-cage-confined POM units, (ii) structural
defects in the ZIF-67 host induced by the POM, and (iii) charge transfer from the ZIF-67 to the confined
POM. In addition, it has served as a template to produce a set of derived samples by applying thermal
treatment at various temperatures (200, 400, 500, 600, and 950 °C) under a N, flow. We have used mul-
tiple characterization techniques, ICP-OES, CHNS analysis, XPS, ATR-IR, PXRD, Raman spectroscopy, N/
CO, adsorption analysis, CV, and TEM/EDS, to fully assess the thermally-induced variation tendencies.
The first two derivatives—D200 and D400—show the same nanoarrangement as the PWy,Co@ZIF-67 pre-
cursor, although with incipient signs of both POM and ZIF-67 structural decompositions. The following
samples—D500, D600, and D950—exhibit a carbonaceous nature consisting of C-embedded composi-
tionally complex nanoparticles that involve Co and W present as diverse species, metallic/oxide/phos-
phate/phosphide. D500 presents the best intrinsic electrochemistry, probably due to the high proportion
of pyridinic N moieties doping its C matrix combined with small-sized and highly dispersed Co-enriched
nanoparticles. This study focuses on the need for a thorough physicochemical characterization of this
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1. Introduction

The complementary sizes of Keggin-type polyoxometalates
(POMs), ~1 nm, and zeolitic imidazole framework (ZIF) cages,
1.16 nm," make possible the individual encapsulation of the
POM units inside the ZIF cavities. This cage-confinement/
smart assembly approach, accomplished by in situ ZIF growth
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class of highly nanostructured materials with a view to exploring their application in electrocatalysis.

surrounding the previously solvated POM units, allows the
preparation of highly nanostructured POM@ZIF (guest@host)
nanocomposites with potential application in electrocatalysis
and energy storage.'” In two earlier publications, we reported
the cage-confinement of two cobalt-substituted silicotungstic
POMs—SiWyCo; and SiW;;Co—in two different hosts: ZIF-8
([Zn(2-MeIm),]) and ZIF-67 ([Co(2-MeIm),]).>” We found that
the electrocatalytic performances shown by the resulting nano-
composites do not depend on the number of Co atoms in the
POM cluster, and more importantly, that a significant synergy
between ZIF-67 and the confined silicotungstic POMs is estab-
lished. On one hand, an electronic charge transfer occurs from
the ZIF-67 (host) to the POM units (guest), and, on the other
hand, the POM generates structural defects in the ZIF-67
skeleton by partially disrupting the Co®>" node-organic ligand
coordinative bonds. This bidirectional POM « ZIF-67 syner-
gistic effect resulted in a remarkable enhancement of the
oxygen evolution reaction (OER) performances shown by the
SiW(1,_4)Cox@ZIF-67 nanocomposites, in comparison with
“pristine” ZIF-67. Regardless of the reported electrocatalytic
improvement, this class of nanoarchitectures also attract atten-
tion due to their role as a template for derived nanocarbons®®
or nanoporous oxides.'® For instance, when a carbonization

This journal is © The Royal Society of Chemistry 2022


http://rsc.li/dalton
http://orcid.org/0000-0002-6419-1278
http://orcid.org/0000-0001-5263-2737
http://orcid.org/0000-0001-9229-1412
http://orcid.org/0000-0002-4405-3142
http://orcid.org/0000-0003-1753-8678
https://doi.org/10.1039/d2dt02976f
https://doi.org/10.1039/d2dt02976f
http://crossmark.crossref.org/dialog/?doi=10.1039/d2dt02976f&domain=pdf&date_stamp=2022-11-23
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2dt02976f
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT051046

Open Access Article. Published on 02 November 2022. Downloaded on 3/19/2026 6:05:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

treatment is applied, the elevated dispersion at the nanometric
scale of the POM units inside ZIF cages maximizes the hom-
ogenous distribution of the POM-derived species throughout
the resulting C-matrix-embedded metal-containing nano-
particles/nanoclusters.

Considering  the two  positive  properties  of
POM@ZIF-67 materials, i.e.,, enhanced electroactivity and a
high templating effect, we have developed another nano-
composite by encapsulating a cobalt-mono-substituted phos-
photungstic POM, PW,Co, into ZIF-67. This Keggin-type POM
has two main advantages in relation to silicotungstates: (i) a
much simpler synthesis,"*™** and (ii) the possibility of generat-
ing electroactive metal phosphides by thermal decompo-
sition.’ For these reasons, we have obtained a set of nano-
composites from the newly prepared PW;;Co@ZIF-67 sample
by applying thermal treatments at different temperatures
(from 200 to 950 °C) under an inert gas flow. Therefore, with a
view to explore its potential electrocatalytic applications, we
present in this work a detailed characterization of the ther-
mally-induced changes in the original composition, structure,
texture, intrinsic electrochemistry, and morphology of
PW,,Co@ZIF-67.

2. Experimental

2.1. Preparation of PW,;Co@ZIF-67 and its derivatives

See technical data regarding materials and reagents in the
experimental details section of the ESI.}

2.1.1. Synthesis of the guest@host PW,;Co@ZIF-67 nano-
composite. The Keggin-type POM with the formula
Ks[PW;,Co(H,0)03,], abbreviated as PW,;Co, was synthesized
using a previously reported protocol.'® Then, the sample
PW,;,Co@ZIF-67 was in situ assembled following an identical
procedure for the previously reported SiW,,;Co@ZIF-67
nanocomposite,”” but using PW,;;Co instead of SiWy,Co.
Briefly, 722 mg of Co(NOs),:6H,O (2.48 mmol) dissolved in
25 mL of methanol were mixed with 31.5 mg of PW,,Co, pre-
viously dissolved in 10 mL of deionized water, and stirred for
30 min. Next, 1629 mg of 2-methylimidazole (19.84 mmol) dis-
solved in 25 mL of methanol were rapidly added, resulting in a
violet mixture. After additional stirring for 2.5 h, the purple
fine powder was collected by centrifugation and thoroughly
washed with water and methanol until no PW,;Co was
detected by UV-vis spectroscopy in the filtrate. Lastly, the solid
was dried at 75 °C for 10 h.

2.1.2. Preparation of nanostructured materials derived
from PW,,Co@ZIF-67. PW,,Co@ZIF-67 was used as a sacrifi-
cial precursor/template to produce five derivatives by thermal
treatment in a tubular furnace. Initially, N, purging was per-
formed to remove air. Then, PW,;Co@ZIF-67 was heated at a
temperature of 200, 400, 500, 600, and 950 °C for 2 h, using a
heating ramp of 5 °C min™", under a N, flow of 100 mL min™".
This flow was maintained until cooling to room temperature.
We have named the as-obtained samples DT, where D corres-
ponds to “derivative”, and T to the selected temperature.

This journal is © The Royal Society of Chemistry 2022
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2.2. Physico(electro)chemical characterization of
PW,;Co@ZIF-67 and its derivatives

See technical data regarding the characterization equipment,
instrumental setups, and the modification of the working elec-
trode with sample inks in the experimental details section of
the ESL.}

The changes produced by the thermal treatments on the
PW;,Co@ZIF-67 composition/structure were assessed by
inductively coupled plasma optical emission spectrometry
(ICP-OES), CHNS analysis, X-ray photoelectron spectroscopy
(XPS), attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR), powder X-ray diffraction (PXRD), and
Raman spectroscopy. The modification of the porous texture
has been evaluated by N, and CO, adsorption/desorption
measurements. The intrinsic electrochemical behavior of the
samples was characterized in 0.1 M KOH(, electrolyte (pH =
13.0) by (i) estimating their electroactive surface areas (ECSA)
from the capacitance data obtained by charge-discharge tests
consisting of successive cyclic voltammetry (CV) registered
between 0.46 and 1.06 V vs. RHE at increasingly scan rates,
and (ii) studying their intrinsic redox processes revealed in the
corresponding CV curves registered between 0.27 and 1.41 V
vs. RHE, avoiding lower and higher potentials to suppress
water electrolysis. Finally, the morphological variations were
studied by transmission electron microscopy (TEM) with
energy-dispersive X-ray spectroscopy (EDS).

3. Results and discussion

3.1. Characterization of the guest@host PW,; Co@ZIF-67
nanocomposite

PW,;,Co@ZIF-67 has been prepared using an in situ approach,
following the protocol included in our previous study but
replacing the Siw,;;Co POM with PW,;Co.® Analogously to the
SiW;,Co-ZIF-67 combination, this novel nanocomposite shows
a well-defined guest@host nanoarrangement in which PW;;Co
units (guests) are individually confined inside the ZIF-67 cages
(host). The incorporation of PW;;Co into ZIF-67 is demon-
strated by the detection of P and W, elements that unambigu-
ously belong to PW,;;Co, in both surface and bulk
PW,;Co@ZIF-67 compositions (Table 1), obtained by XPS and
ICP-OES analysis, respectively. This fact is further corroborated
by the presence of characteristic IR vibrational bands from
PW,;Co in the nanocomposite spectrum (Fig. 1a). Regarding
the POM content, approximately one in ten ZIF-67 cages is
occupied by a PW,;;Co unit (see occupancy in Table 1).

A variety of characterization results supports the individual
encapsulation of PW,;,Co inside the ZIF-67 cages. For instance,
the nanocomposite W/P atomic ratio (4.0) is far from the ratio
of 10.7 of “pristine” PW;,Co. This “distortion” is due to the
surface character of the XPS technique in combination with a
complex 3D guest@host architecture in which the PW;,Co
units are intimately incorporated into the ZIF-67 skeleton.®”
See a graphic explanation of this phenomenon in section 3 of
the ESLt In addition, note that POMs merely deposited on sur-
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Fig. 1

(a) FTIR spectra (the pink spots signalize IR bands produced by PW;,Co) and (b) PXRD diffractograms (numeric values correspond to the

average crystallite size, L, for each sample) of the “pristine” materials and PW;;Co@ZIF-67. (c) N, and CO, adsorption isotherms (desorption
branches are omitted for clarity) and (d) TEM images of “pristine” ZIF-67 and PW1;Co@ZIF-67. (e) High-resolution XPS W 4f peak profiles of “pristine”
PW1;,Co and PW;;Co@ZIF-67 (see the deconvolutions of W 4f and the rest of core-level regions in Fig. S1 in the ESI{), and (f) cyclic voltammograms

for “pristine” ZIF-67 and PW1,Co@ZIF-67.

POMs inside ZIF-67 cages®” can be easily extended to other

Keggin-type POMs, producing similar guest@host nanoar-
rangements with POM < ZIF-67 bidirectional synergy.

3.2. Effect of thermal treatments on PW,;Co@ZIF-67 features

Several thermal treatments under a nitrogen flow were applied
to PW,;Co@ZIF-67 (see 2.1.2. Thermal treatments in the
experimental section) to obtain a set of nanostructured deriva-
tives by modulating its properties in terms of composition,
structure, morphology, and electrochemistry. Temperatures
were selected based on the PW;;Co@ZIF-67 thermogravimetric
(TGA) curve shown in Fig. S6.f The mass loss profile of this
material shows a pronounced drop in the range of 500-600 °C,
corresponding to 60% of the total mass loss, originated by the
collapse of the ordered framework along with a concomitant

This journal is © The Royal Society of Chemistry 2022

carbonization process. Thereby, to explore the complete range
of thermally induced changes, we have selected two pre-col-
lapse temperatures (200 and 400 °C), 500 °C—when the col-
lapse starts—and two post-collapse temperatures (600 and
950 °C).

3.2.1. Compositional The
element mass percentages for the bulk composition of
PW,;Co@ZIF-67 and its derivatives obtained by ICP-OES (Co,
P, and W) and CHNS (C, N, and H) analysis are given in
Table 2. Note that O wt% values are subjected to uncertainty
because they are indirectly calculated by subtracting the per-
centages of the rest of elements. From PW,;Co@ZIF-67 to
D500 non-metal elements are preponderant (>60 wt%), while
their contents diminish below 40 wt% in D600 and D950, due
to their gasification at high temperatures. Even in D500, the

and structural variations.

Dalton Trans., 2022, 51,17844-17857 | 17847
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element concentrations associated with the ZIF-67 organic
ligand (2-methylimidazole, C,;HgN,) significantly decrease in
relation to the previous samples (D200 and D400), an unequi-
vocal indication of the beginning of the framework degra-
dation/carbonization process. Besides, surface compositions
were studied by XPS analysis (see mass and atomic percentages
in Table 2). In contrast to its bulk composition decreasing
trend, surface C contents remain almost constant in all the
samples; even, they slightly increase from D500 onwards (up to
~80 at% in D950). The divergences between surface and bulk
contents provide insights into the element locations. Thereby,
the quotient between surface and bulk mass contents for each
element allows us to assess its distribution among the outer
and inner regions of a given sample. In Table 2, the surface/
bulk mass ratios (see values between brackets) allow an esti-
mation of the element location: high surface/bulk ratios must
correspond to elevated element concentrations in the outer
regions (surface and near-surface), and, oppositely, low ratios
point to high concentrations within the inner regions (non-
accessible to XPS analysis). A ratio of approximately one
(1.2-0.8) describes a homogeneous surface/bulk distribution.

Focusing on carbon atoms, their partial gasification origi-
nated by the consecutive treatments with increasing tempera-
tures is accompanied by a drastic migration to surface regions,
reaching an extremely large surface/bulk ratio (39.0) in D950.
N and W exhibit similar tendencies, i.e., accumulation in the
outer regions with the increasing temperatures, with the excep-
tion that the maximum ratios are reached in D600. On the
other hand, the remaining elements (Co, P, and O) reveal
much lower ratios, generally below unity, showing a marked
tendency to accumulate in the innermost regions regardless of
the thermal treatment. The modification of the shape and
position of the high-resolution XPS core-level region spectra
provides useful information on the influence of thermal treat-
ments on the PW;;Co@ZIF-67 structure, see Fig. S7t and its
related full description in the ESL

Compositional/structural changes were studied in-depth by
deconvoluting the high-resolution spectra (see deconvolution
plots in Fig. S1,f component assignations, component posi-
tions (BE) and FWHM, and component relative abundances in
Tables S1, S2, and S3,} respectively). In Fig. 2a, the carboniz-
ation process is revealed by a new component associated with
graphenic carbon (C sp®), located at ~284.2 eV,>*** detectable
from D500 onwards. This abundance increases with the treat-
ment, along with the shake-up (ShU) component, a satellite
signal located around 290.5 eV originated by the = — =n*
(HOMO-LUMO) transition typical of ordered aromatic C sp*
domains.?® In parallel, the C sp® abundance decreases, indicat-
ing that carbonization generates a partially graphitized matrix.
This gain in C sp>based structural order is also revealed by
the decrease in the component widths (Fig. 2b). In Fig. 2c it is
observed that the relative abundance of the lowest BE O 1s
component (see O 1s deconvolution plots in Fig. S1 and abun-
dances in Table S37) increases with the increasing treatment
T. Besides, its position is progressively shifted from x530.5 eV
(in PW,;Co@ZIF-67) to =529.9 eV (in D950). This shift

17848 | Dalton Trans., 2022, 51, 17844-17857
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suggests that the chemical environment that causes this com-
ponent is modified with the thermal treatments. In
PW,;,Co@ZIF-67 and D200, this component is fully originated
by the W-O bonds of the POM, whilst in the case of D600 and
D950, it can be attributed to CoO and WO, (2 < x < 3),>" pro-
duced by the high temperatures of the corresponding treat-
ments. In D400 and D500, whose lowest BE components show
an intermediate position (x530.2 eV), the two different
environments must coexist, hence an intermediate degra-
dation state of PW;;Co is found in that temperature range.

Additionally, the comparison of N 1s deconvolutions (Fig. S17)
demonstrates the conversion of the N atoms belonging to the
pristine ZIF-67 organic ligands'®?’ to pyridinic, pyrrolic, and
graphitic quaternary N groups doping the carbon matrix in
D500, D600, and D950.>> Even, the proportion of N from
“intact” organic ligands in D400 decreases from ~88% in
PW,,;Co@ZIF-67 to ~77% (Fig. 2d and Table S47), denoting an
incipient ZIF-67 decomposition. Fig. 2d also shows that the
abundance of the pyridinic moiety diminishes from D500
onwards. Focusing on Co 2p deconvolutions, Fig. 2e shows
that the abundance of the component originated by Co° and
possibly by low amounts of Co,P,, increases from ~3% in
D500 to #17% in D950, proving a limited reducing effect of
the thermal treatments on cobalt. This increment of Co° is
accompanied by a concomitant diminution of the CoO pro-
portion, also revealed by the decreasing satellite abundances
associated with oxidized cobalt.”?

IR and Raman spectroscopies and PXRD further support
the detailed assessment of the thermally induced structural
modification of PW,;;Co@ZIF-67. Fig. 3a includes the IR
spectra for each sample. ZIF-67 vibrational peaks are visible
until D400, and from D500 onwards they are vanished, being
substituted by indistinctive broad bands characteristic of
carbon materials. Concentrating on PW;;Co vibrational fea-
tures (marked with pink spots in Fig. 1a), they are still comple-
tely detectable in D200, but in the material obtained at 400 °C
some of them are lost, pointing out the starting point for POM
structural degradation. This is in full agreement with the XPS
O 1s deconvolution results exposed above (see commentaries
concerning Fig. 2c). Furthermore, the powder XRD patterns
indicate that the mild thermal treatments (200 and 400 °C)
preserve the pristine crystallinity of the ZIF-67 skeleton in
PW,,Co@ZIF-67 since all the ZIF-67 diffraction peaks remain
being detectable in D200 and D400 patterns, and their average
crystallite sizes are not decreased (Fig. 3b). On the other hand,
D500, D600, and D950 patterns reveal a total absence of the
ZIF-67 features and very low intensities (note that they are 10x-
scaled in Fig. 3b), showing up the total thermally-induced
structural collapse of the ZIF skeleton. Moreover, they do not
exhibit the graphitic (002) peak at 24-26°, revealing that no
parallel stacked graphenic layers are formed in the C matrixes.

Regarding the diffraction peaks, D500 only shows a barely
detectable incipient peak at a 20 of x44.4°, which becomes
much more intense in the D600 and D950 patterns (note the
translucid rectangle in Fig. 3b and see detailed XRD patterns
in Fig. S871). Thereby, D500 represents an early stage for the

This journal is © The Royal Society of Chemistry 2022
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Table 2 Bulk, surface compositions (expressed as mass and atomic percentages), and element surface/bulk mass ratios of PW;;Co@ZIF-67 and its

derivatives
Bulk composition (wt%)
Sample (o o’ N¢ Co° P° w* H* Metals? Non-metals®
PW,,Co@ZIF-67 33.8 4.8 19.3 31.4 0.4 6.7 3.6 38.1 61.9
D200 35.7 4.1 20.5 30.5 0.2 5.1 3.9 35.5 64.5
D400 33.0 16.2 18.5 26.6 0.0 21 3.6 28.8 71.2
D500 19.5 35.4 7.0 34.0 0.9 2.2 1.1 36.1 63.9
D600 6.0 28.9 0.7 63.1 0.3 0.9 0.2 64.0 36.0
D950 1.6 18.7 0.0 78.4 0.4 1.0 0.0 79.4 20.6
Bulk composition (at%)
Sample ct ob N¢ Co° P° w* H*
PW,,Co@ZIF-67 32.6 3.5 15.9 6.2 0.2 0.4 41.3
D200 32.6 2.8 16.1 5.7 0.1 0.3 42.5
D400 301 11.1 14.5 5.0 0.0 0.1 39.2
D500 26.9 36.6 8.3 9.5 0.5 0.2 18.1
D600 13.7 49.6 1.4 29.4 0.3 0.1 5.5
D950 5.0 44.1 0.0 50.2 0.5 0.2 0.0
Surface composition” (wt%)
Sample C[s/bf O [s/bfF N [s/bfF Co [s/bf P [s/b}¥ W [s/b}
PW,;,Co@ZIF-67 57.4 [1.7] 14.8[3.1] 9.0 [0.5] 15.2[0.5] 0.2 [0.4] 3.4[0.5]
D200 51.8 [1.4] 13.2 [3.2] 10.3 [0.5] 18.3 [0.6] 0.2 [1.0] 6.2 [1.2]
D400 58.1[1.8] 15.1[0.9] 9.0[0.5] 13.2[0.5] 0.2[—] 4.4[2.1]
D500 51.7 [2.7] 17.2[0.5] 8.3 [1.2] 13.9[0.4] 0.4 [0.5] 8.5 [4.0]
D600 50.6 [8.4] 20.0 [0.7] 2.1[3.1] 14.6 [0.2] 0.2[0.7] 12.4 [14.0]
D950 60.9 [39.0] 15.5[0.8] 1.3 [—] 12.4 [0.2] 0.2 [0.6] 9.8 [9.5]
Surface composition” (at%)
Sample C o N Co P w
PW,,Co@ZIF-67 72.1 14.0 9.7 3.9 0.1 0.3
D200 69.3 13.3 11.8 5.0 0.1 0.5
D400 72.5 14.1 9.6 3.4 0.1 0.4
D500 68.7 17.1 9.5 3.8 0.2 0.7
D600 70.9 21.1 2.6 4.2 0.1 1.1
D950 792 15.1 1.4 3.3 0.1 0.8

“ CHNS analysis of bulk mass and atomic percentages. ” Calculated by difference: O content = 100 — (C + N + H + Co + P + W). ICP-OES bulk
mass and atomic percentages. 4 Sum of Co and W elements. ¢ Sum of C, O, N, P, and H./XPS surface mass and atomic percentages derived from
high-resolution C 1s, O 1s, N 1s, Co 2p, P 2p, and W 4f core-level peak areas. ¢ Element surface/bulk mass ratiosbetween brackets. Orange, black,
and blue colors indicate high (>1.2), medium (1.2-0.8), and low (<0.8) ratios, correspondingly.

nucleation of metal-containing nanoparticles (M-NPs).
Specifically, the position of this feature is compatible with the
formation of a Co° (111) metallic phase®® exhibiting growing
crystallite sizes (L.) with the treatment temperature, a result
that agrees with the XPS Co 2p deconvolution data. Besides,
there are other diffraction peaks in the D600 and D950 diffrac-
tograms, although their elevated noise levels make difficult the
unambiguous identification of all features. However, no exist-
ence of these peaks in the characteristic XRD pattern of
ZIF-67-derived nanocarbons—obtained under similar carbon-
%% along with their positions suggest the
formation of other nanocrystalline phases directly related to
the presence of PW;;Co in the precursor, presumably cobalt/
tungsten oxides (Co,0,/WO,), and phosphides (Co,P,/W,P))
(see Fig. S8t). Focusing on Raman analysis (see Fig. S97),

ization conditions—

This journal is © The Royal Society of Chemistry 2022

selected spectra obtained with an excitation wavelength of
532 nm are obtained in Fig. 3c. While D200 and D400 Raman
spectra still present multiple features of PW,;Co@ZIF-67 (sig-
naled by cyan spots), D500, D600, and D950 show the D and G
bands characteristic of carbon materials. In fact, these bands
are barely detectable in the D400 spectrum as well, denoting
an early and limited C matrix formation at 400 °C. The incre-
ment of the carbon structural order with the temperature is
revealed by the diminishing Ip/Ig ratios,*>*' from 1.21 in D500
to 1.05 in D950 (these ratios were calculated from the deconvo-
lution of Raman spectra in two components, D and G; see
2-component deconvolution plots in Fig. S101 and the inten-
sity and FWHM parameters in Table S47). This gain of order in
the C matrixes is also unveiled by the sharpening of both D
and G peaks from D500 onwards: carbon crystallite sizes (L,)

Dalton Trans., 2022, 51,17844-17857 | 17849
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Fig. 2 Variations with the treatment temperature of (a) the relative abundances for C 1s deconvolution components; (b) the FWHM (full width at
half maximum) values for all C 1s deconvolution components, except for ShU and plasmon; (c) the relative abundance and position (BE) of the O 1s
deconvolution component associated with (i) O—-W bonds in the PW;;Co cluster—in PW;Co@ZIF-67, and D200—, (i) O-W (POM)/metal oxide
mixture—in D400 and D500—, and (iii) metal oxides—in D600 and D950—; (d) the relative abundance and position (BE) of the N 1s deconvolution
component associated with (i) C—=N-C bonds in the ZIF-67 host—in PW;;Co@ZIF-67, D200, and D400—and (ii) pyridinic groups in the C matrix—in
D500, D600, and D950—; and (e) the relative abundances for Co 2p deconvolution components. Note that 0 °C values—in the x-axis of (a), (b), (c),

and (e)—correspond to the non-treated precursor PW,,Co@ZIF-67.

were calculated from D band FWHM values using the spatial
confinement model equation for disordered graphene-based
carbons (L, = 580/FWHMyp,).>* These average sizes are 2.6, 4.4,
and 5.1 nm for D500, D600, and D950, respectively, reflecting
the graphenic domain extensions. This trend is in accordance
with XPS metrics since the L, values establish an inverse linear
relationship with the C sp?/C sp” abundance ratios (purple
circle data series in Fig. 4a) calculated from the areas of C 1s C
sp® and C sp® components in the C 1s deconvolutions (see
Fig. 2a, S1, and Table S47).

Deconvoluting Raman spectra into five components (D4, D,
D3, G, and D’) is a useful tool to delve into carbon matrix struc-
tural order. Table 3 shows the consensual carbon structures,
whose vibrational modes generate each component, and their
approximated Raman shifts (position).>*® Fig. 4b show the
5-component deconvolution of a selected spectrum for D600
(see the rest of the deconvolution plots in Fig. S11t). The
average metrics derived from these deconvolutions, namely

17850 | Dalton Trans., 2022, 51,17844-17857

the component intensities and abundances, are included in
Table 3, while the positions and FWHM values are collected in
Table S5.1 As the D3 component is associated with C sp®> amor-
phous carbon, Ins/Iio. ratios proportionate a measure of the
carbon structural order analogous to the I/l ratios obtained
from 2-component Raman spectra deconvolution. Similarly,
Ips/Iiotar Tatios decrease from 0.30 in D500 to 0.07 in D950.
Paying attention to component abundances, the increment of
carbon structural order with the rising treatment temperatures
is based on the loss of amorphous carbon: the D500 D3 com-
ponent abundance is &45%, whilst in D950 it drops to ~9%,
and not to an extensive graphitization process. This explains
the no detection of the graphitic peak (002) in the PXRD pat-
terns of the three carbonaceous samples (see Fig. 3b and S87).

Finally, we compared the D3/G area ratios with the above-
mentioned XPS C sp’/C sp® area ratios, finding an intense
exponential correlation, R” = 0.99 (blue diamond data series in
Fig. 4a). This fitting supports the Raman-XPS complementar-

This journal is © The Royal Society of Chemistry 2022
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ity in the study of MOF-derived nanocarbon matrixes, and the
intrinsic association of the Raman D3 and G components with
the XPS C sp® and C sp” components, respectively.

3.2.2. Textural, electrochemical, and morphological vari-
ations. The impact of the thermal treatments on
PW;,Co@ZIF-67 porosity was evaluated by gas adsorption
measurements. Fig. 5a and c¢ compare N, (77 K) and CO,
(273 K) adsorption isotherms, respectively, for all the samples
(see complete N, and CO, adsorption/desorption isotherm
plots in Fig. S12 and S13,7 respectively).

PW,;,Co@ZIF-67, D200, and D400 N, profiles are typical of
highly microporous solids (type I isotherms), whilst the iso-
therms from D500 onwards show a drastic loss of microporos-
ity due to the ZIF-67 skeleton thermal decomposition. Mild
treatments (200 and 400 °C) do not have a noticeable effect on
microporosity; however, especially the D400 N, isotherm
shows the two-step N, sorption region at P/P, < 0.025 more
soften than that for pristine PW,;Co@ZIF-67 (see highlighted
zones in Fig. 5b). The 1% step is normally ascribed to the reor-
ganization of the N, molecules inside cages and the 2™ step
to the imidazolate linker rotation provoked by the gas
pressure, ie. the gate-opening effect.?” Thus, mild treatments
seem to partially limit the framework flexibility, likely due to
the disruption of a certain fraction of Co-ligand bonds. The
more pronounced slopes of the PW;;Co@ZIF-67, D200, and

This journal is © The Royal Society of Chemistry 2022

D400 isotherms in Fig. 5c¢ indicate that the microporosity
accessible to the CO, molecules is also more developed in
these samples. Table 4 shows the textural parameters derived
from both N, and CO, sorption measurements. BET surface
areas reflect the loss of microporosity envisaged in the N, iso-
therms: the two pre-collapse samples exhibit areas above
1400 m”> g™, decreasing below 130 m”* g”* from D500 onwards.
The pore volume, Horvath-Kawazoe pore size distributions
(Fig. S271), and mean pore sizes reflect the microporosity loss
as well. On the other hand, the DR micropore volume and
surface areas also follow this tendency, except that they slightly
increase in D950. This suggests that at 950 °C an incipient
recuperation of the ultramicroporosity (<0.5 nm) occurs, non-
accessible to the N, molecules, previously lost during the ZIF
degradation/carbonization process.

The electrochemically active surface areas (ECSA) included
in Table 4 were estimated using the following equation: ECSA
= Cqi/Crer, where Cq; and Cyer stand for the double-layer and
reference capacitance values per unit area, respectively (see cal-
culation details in ECSA estimation section in the ESI, CV
plots in Fig. S3, current intensity vs. scan rate graphs in
Fig. S4, and Cyq; and C,s values in Table S61). The mild temp-
erature treatment (200 and 400 °C) generated ECSA decreases
in comparison with PW;;Co@ZIF-67, not imputable to the
drop of the corresponding BET and micropore surface areas

Dalton Trans., 2022, 51,17844-17857 | 17851
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Table 3 Five-component deconvolution of Raman spectra for the PW;,;Co@ZIF-67-derived nanocarbon samples (D500, D600, and D950)

Description of components®*~3¢

Component Assignation Position (cm™)
D4 sp>-based carbon chains at graphenic layer edges 1200-1310
D Defects in sp> (point defects -in plane sp> non-hexagonal rings, edges, curvature) ~1350
D3 Amorphous carbon (i.e., non-crystalline sp*>-dominated carbon) ~1500
G Extension of sp” ordered domains ~1580
D’ Defects in sp? (similar to D) ~1620
Raman deconvolution metrics

Intensity Abundance® (%)
Sample D4 D D3 G D’ Ins/Teotal® D4 D D3 G D’
D500 6.81 46.06 47.79 45.14 12.24 0.30 3.6 31.2 45.5 17.5 2.2
D600 3.05 16.31 4.06 15.48 3.56 0.10 10.6 45.8 13.9 28.3 1.5
D950 5.91 48.11 8.20 44.77 11.96 0.07 11.3 48.0 9.5 28.3 2.9

“ ILiota1 Stands for the sum of the five components: In, + Ip + Inz + I + Iy > Abundances correspond to the component relative areas.

since they are similar for the three samples. Thus, the mild
temperature-induced limited degradation of the POM units
and the ZIF-67 skeleton is the most probable cause. The ECSA
for D500 and D600 cannot be calculated due to their Cq4 being
in negative values (see Table S61). This phenomenon can be
produced by the low BET and micropore surface areas of these
samples, accompanied by a high uncertainty in the Cq4; esti-
mation provoked by the large noise-to-signal ratios of the CV
curves, exhibiting very low current intensities (see Fig. S3 and
S47). In addition, the presence of metal oxide NPs in these
samples can contribute to the drop of their electroactive areas,
since metal oxides typically exhibit low ECSA values associated
with low BET surface areas.*® Similarly, D950—with an elev-
ated proportion of metal oxide NPs as well—presents an extre-
mely low ECSA, 6 m*> g~'. Probably, and unlike samples D500
and D600, in this case, the above-mentioned limited recovery
of ultramicroporosity makes the ECSA calculable.

CV tests have been performed to study the intrinsic electro-
chemical activity of the samples (Fig. 6). Noteworthily, the

17852 | Dalton Trans., 2022, 51,17844-17857

D500 CV plot in Fig. 6d shows much higher current densities
(/) than the CV plots of PW,;Co@ZIF-67 and the other deriva-
tives, envisaging remarkable intrinsic activity in electrocataly-
sis. These notable current levels can be related to the numer-
ous and homogenously dispersed N atoms doping the D500
carbon matrix, Nxps = 9.5 at%, see Table 2, and Fig. S1t—.
Besides, the six materials show faradaic processes (peaks) ori-
ginated by cobalt redox reactions. All the samples clearly show
a cathodic peak at ~1.1 V vs. RHE—associated with Co*" —
Co** reduction—,”° however the anodic peaks change. While
the PW,,;Co@ZIF-67 CV curve (Fig. 6a) exhibits a Co>" — Co>"
oxidation peak at 1.18 V vs. RHE, the D200 and D400 CV plots
(Fig. 6b and c, correspondingly) show a peak shifted to higher
potentials—almost coincident with the anodic peak of “pure”
ZIF-67 CV (see Fig. 1f)—and absence of it, respectively. These
modifications are presumably originated by the progressive
degradation of both ZIF-67 and PW,;;Co, disrupting their
host — guest electronic interaction (see Fig. 1e and its com-
mentaries). Then, CV plots of D500, D600, and D950 include

This journal is © The Royal Society of Chemistry 2022
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Table 4 Porosity metrics and electrochemically active surface areas of PW;;Co@ZIF-67 and its derivatives

N, adsorption CO, adsorption
ECSA?

Sper® (m? Vporcb (cm? Mean pore size Vimicropore” (em?® Micropore surface area’ Median pore size (m?
sample ) ) (nm) ) (m’g™) (nm) )
PW,,Co@ZIF-67 1422 0.65 1.3 0.15 369 0.40 555
D200 1507 0.67 1.3 0.16 403 0.40 233
D400 1422 0.68 1.4 0.14 359 0.40 490
D500 83 0.17 21.2 0.06 141 0.35 —
D600 30 0.15 13.3 0.04 106 0.39 —
D950 16 0.04 21.8 0.08 189 0.41 6

“Surface area calculated from the N, isotherm data using the Brunauer-Emmett-Teller (BET) equation. ” Pore volume calculated from N,
adsorbed at P/P, = 0.99. “ Calculated from the CO, isotherm data using the Dubinin-Redushkevich (DR) equation. ¢ Electrochemically active
surface area (see ECSA estimation section in the ESIT).
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another anodic feature located at lower potentials—1.06, 0.99, alkaline electrolytes.®® In fact, the CV plot of D950—the
and 1.12 V vs. RHE, respectively—than the Co>* — Co®' oxi- sample that contains the largest Co° proportion (see XPS Co
dation peak. This new peak can be related to the in situ for- 2p deconvolution in Fig. 2e)—presents an expanded range of
mation of cobalt hydroxides, Co(OH),, on metallic Co sur- possible redox processes, involving additional peaks related
faces during the application of a voltage in the CV tests in to the formation of other cobalt oxide/hydroxide species with
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diverse oxidation states: Coz04, C0,03;, Co(OH); and
Co0, 39-41

TEM images included in Fig. 7a-f (see additional micro-
graphs in Fig. S5f) show significant morphological modifi-
cation of the precursor with the thermal treatments.

(3

View Article Online
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PW,,Co@ZIF-67 exhibits ZIF characteristic polyhedral-shaped
particles involving wrinkled regions originated by the POM
encapsulation on ZIF-67 cages. The two following samples,
D200 and D400, maintain this aspect, although D400 presents
emerging granular irregularities. Since W 4f and O 1s deconvo-

Fig. 7 TEM micrographs with two amplifications of (a) PW1;Co@ZIF-67, (b) D200, (c) D400, (d) D500, (e) D600, and (f) D950. Tungsten and cobalt
distribution maps of (g) PW4;Co@ZIF-67, (h) D200, (i) D400, (j) D500, (k) D600, and (1) D950.
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lution data, IR, Raman, and N, adsorption analyses indicate
that the 400 °C treatment leads to a limited structural
decomposition of the PW;;Co units and the ZIF-67 skeleton
(see Fig. S7f+ and Fig. 2c¢, 3a, ¢, 5b, as well as their respective
commentaries), it is plausibly to relate these changes to the
observed D400 morphological modifications. Then, from D500
onwards (Fig. 7d-f) carbonaceous aggregates embedding
highly contrasted nanoparticles are detected. The complete
loss of the characteristic ZIF-67 polyhedral shape in these
samples can be ascribed to a certain destabilization effect pro-
duced on the ZIF-67 framework by the encapsulated PW,,Co
units, since previously reported ZIF-67-derived nanocarbons
do preserve—at least partially—that geometry.”>*> The elev-
ated contrast of the carbon-embedded NPs allows us to infer
their high metal contents. This point is confirmed by the
element distribution maps obtained for W and Co atoms in
Fig. 7g-1 and the remaining elements in Fig. S14.f Paying
attention to the NP morphologies, their average sizes increase
from a few nanometers to hundreds with the heat treatment,
this trend being in agreement with the increasing average crys-
tallite sizes of D500, D600, and D950 (see the PXRD data in
Fig. 3b). W distribution maps in Fig. 7g-1 proportionate the
information on both the POM locations and NP formation.

PW,;,Co@ZIF-67, D200, and D400 show fairly homogeneous
W distributions, barely concentrated in the wrinkled zones,
suggesting a good dispersion of the PW,;,Co units. D500 exhi-
bits small-sized NPs in the TEM micrographs; however, its W
map does not show a significant accumulation of tungsten in
them. In contrast, its Co distribution map does present cobalt
concentration in those contrasted regions, demonstrating that
the formation of Co-containing NPs precedes the formation of
the W-containing NPs. Regarding D600 and D950, no complete
overlapping of the W- and Co-enriched regions reveals that
mixed bimetallic W-Co NPs with a homogeneous distribution
of these two metals are not formed in a large extension.
Lastly, P atoms show distributions (Fig. S14}) similar to
W and Co: high homogeneity in the precursor, D200 and
D400—suggesting an elevated dispersion of the encapsulated
PW,,Co units—and concentration in the NPs from D500
onwards, due to the formation of metal phosphates and
phosphides.

4. Conclusions

We prepared a novel guest@host nanocomposite,
PW,,Co@ZIF-67, exhibiting physicochemical parameters com-
patible with the individual cage-confinement of the POM
units, POM-induced structural defects in the ZIF-67 skeleton,
and ZIF-67 — POM charge transfer, properties analogous to
those shown by the previously reported SiW,;Co@ZIF-67, but
achieved using a POM with an easier synthesis that can
produce electroactive metal phosphides when heating treat-
ments are performed.

Structural modifications in PW;;Co@ZIF-67 were induced
via thermal treatments at different temperatures (200, 400,

This journal is © The Royal Society of Chemistry 2022
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500, 600, and 950 °C). D200 and D400 undergo very limited
modifications in both the ZIF-67 skeleton and confined
PW;,Co units. These concurrent POM/ZIF partial decompo-
sitions probably compromise their electronic interaction, dete-
riorating their electrochemical features. Noteworthily, D500
exhibits finely dispersed few nm-sized Co-enriched NPs
embedded in a highly disordered C matrix. In contrast, in
D600 and D950, the higher temperatures generate two types of
large-sized NPs, one enriched in Co and one enriched in W,
with low amounts of phosphates and phosphides derived from
PW,;Co. As a consequence of the increasing T, these two
samples show more ordered C matrixes. Although the three
carbonaceous derivatives undergo drastic ECSA drops, likely
caused by the collapse of the pristine ZIF-67 microporosity,
their CV plots involve new anodic peaks indicating an
enhancement of their intrinsic electrochemistry. Apart from
the new peaks, the CV of D500 presents an elevated current
density, probably originated from an effective interaction
between its abundant doping N moieties—specially pyridinic
groups—and the very small-sized Co-containing NPs.

We described the thermally induced migration of the
elements by combining XPS, ICP-OES, and CHNS analysis
data. Minor alterations in XPS N 1s and O 1s deconvolutions,
IR and Raman spectra profiles, and low-P/P, N, isotherm
regions have been crucial for detecting slight structural modifi-
cations in D200 and D400. Additionally, Raman-XPS C 1s
deconvolution correlations provided a good estimation of
carbon structural order in D500, D600, and D950. All these
results highlight the importance of the in-depth physico
(electro)chemical characterization of these POM®@MOF
derivatives.

Finally, the next step of this research will be focused on the
complete characterization of PW;;Co@ZIF-67 and its deriva-
tives as electrocatalysts for the strategic oxygen-related
processes—oxygen reduction (ORR) and evolution reactions
(OER)—with special emphasis on structure-performance
correlations.
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